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PREFACE 


Outlines of Inter Aviate Piysics” was originally written 
Prof S. 0. Ray Cho^ury ari the book was so well received b 
the readers that it had Vx edii ions to its credit in a few yearaf 
The same book has now been fery thoroughly and carefully revised 
by O. B. Sinha and iibeing \)resented to the readers with tbo^ 
name Intermediate PhysU** uijder the joint-authorship of both. 
It has been split up into Wo vojames for the convenience of readers, 
but each volume is complW in itself, Vol, I embodying General 
Properties of Matter, Heat\\nd Pound, while Vol. II embodying 
Light, Magnetism, Electricity^ and A.eronautios. In former editions 
of the book, occasional instinct ois m connection with importandi 
experiments followed by aotuabdata Were given for the guidance of 
the students in the practical cla^ In a theoretical text-book the 
scope for such instenctions is boin^ to be ultimately very limited 
whereas the necessity for such luilance has assumed a much wider 
importance now-a-days with the introduction of the system of 
university examinations in Jractical Physics. Many text-books on 
Practical Physics are already ayailable in the market to meet these 
requirements and so these inftruotiols have been mostly omitted 
in this edition, 

It is customary that in tke preface the authors should draw the 
attention of readers to the special features of the book, which according 
iOj their opinion distinguish it froiji contemporary publications. 
i?irstly, in modern text-books on ligjht ithe new convention of signs 
n 1 . all real distances are po$ihve\ and all virtual distances negativet 
s ised in connection with optical calculations. This^ system of signal 
is Hess artificial than the older system and so in Art. 67(b), Vol. II, 
weihave given an account of these new conventions illustrating the 
relative advantages in their application. The students oafi make 
use of them, though in the bookf the old systeo;! has still been 
retined. Secondly, in Bleotro-statlos ^tid Current* electricity^ alt 
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K ditions of electric phcDemena bave^bebn frgbt to be given on 
hsis of the modern electronic theory^d this will surely help 
l^oduoe in the minds of the stu(^ents Continuity of ideas all 
^^ghout. Thirdly, we have thought itl^lJ to add a chapter on 

nentary Aeronautioa (Appendix A), becaui it baa proved to be a 

^y useful branch of Physios and is ali^dy included in the I.Sc. 
syllabus of the Patna University. Pourthb the study of Physics 
, requires some knowledge of Trigoupmetr frooa the very beginning, 
some elementary relations of TrigDUomfry have been treated in 
Appendix B. Fifthly, a large nunb^r ^ sums have been selected 
from a very wide field of application! ind^hey have been worked out 
so that they may serve as guides to the giudents. 

In preparing the book in iti pre^nt form, very considerable 
changes have been made throughoi^ theold text but wo will record 
here the more important additims* o topics only, leaving out the 
rest. The new topics added, in nToI f, are : the Watts ^Governor; 
S. H. M. of pendulum. Shear straii, filter pump (inf^Part 1), Equation 
for progressive waves, Hydrophmei Mathematical theory of beats; 
Demonstration of accoustical in/erierence, Tempered scale and th^ 
Theory of transverse waves in a (in Part III), while in Vol. Ilj 
are : Annular eclipse of the sin, Hartle’s Optical disc, Refractive 
index of a solid .by total refleejon, Mathematical deduction of the 
condition of minimum deviati^, Huygens’ principle (in Part ivj^ 
Coulomb's torsion balance, I^uipotential surface, Parallel platje 
condenser with compound di-elmtric, the Voss machine, the Van dc 
Graaff generator (in Part VI), n|odern Electronic theory of the voltaic 
cell including Kelvin’s theory of electric double layer together wiib 
the Theory of electrolytic dfesociation, Edison cell, Cosmic rays, 
etc. (in Part VIl).^ Out of 616 old blocks 183 have been replaced 
by newly designeiJ ones and 66 additional blocks have been ustd 
iQ the two volumes for properly illustrating the subjects dealt wipb 
in the book. 

is quite possibs that some errors or misprints should ocobr 
ia tb^ j^ook hurried as it has bjeeu through the press, notices tor 
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which will be thankfully rfeeived by the authors and attended ' 
the next edition The aui lor will deem their labours am)^ 
repaid if the book in its preset form proves to be of greater servM 
to the readers. 


Calcutta I S C Ray Chowdhury, 

July. 1948. 1 B. Sinha. 


Preface tb|he Second Edition 

We could little anticipate tit the reorientated first edition of the 
book would be exhausted in fee course of a few months only. 
This has been possibleTdue to oipatrons and collegues in the various 
colleges of India, Pakistan, ftma and Nepal. We are glad to say 
that we havj 9 fully utilised thefepportunity of this second edition 
to revise the book* >il thorouglij.s possible. In this connection we 
must thank those esteemed oollea| 3 q who gave us valuable suggestions 
during this revision work. 

The topics on 'Lambert’s Cosiiiljaw, value of velocity of light, 
the earth as a magnet, support imolecular theory of magnetism, 
fiSaps of isogonic and isoclinic line^bes of force, intensity in terms 
of linos or tubes of force, rotation cl magnet round a current, mer- 
cury arc lamp, electric lamps and ir progress, Coolidge tube’ are 
important new additions. Consider^ changes have been made in 
the writing of the topics on ‘intensitw illumination and illuminating 
power, band spectra, dispersive powefi/eau’s method of determina- 
tion of velocity of light, para and ^agnetic bodies, action of a 
telephone circuit and wireless telephdr 

Ninety four old blocks have been rc^ed and twenty two new blocks 
have been added Index has been pr^oji at the end. of the text. 
These changes have resulted in incre^ the volume of the book 
but the price of* the book has been ret^d as before considering the 
hardship of the students. 

} 


Calcutta, 
July. 1949. 


S. C. Ray Chowdhury, 
D. B. Sinha. 
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PART IV 


LIGHT 

CHAPTER I 

Nature, Propagation. Photometry 

1. Light. — Our knowledge of the various objects in this world 
and the diverse phenomena that occur in nature is derived from the 
impressions they produce upon our different senses. By the sense of 
touch we can know the shape of an object, by the sense of hearing 
we percieve the sound of a body and similarly, by the sense of sight 
we see objects around as, though there is no visible link between the 
eye and the objects seen. 

The objects wo see send something to our eyes which creates the 
sensation of vision. ,This something which enables us to see objects is 
called Licjht, 

Light is, therefore^ the came of the sensation of sight. It is a form 
of radiant energy to which our eyes are sensitive. The sun is the 
source of all natural light which it emits because it is hot. Almost 
all the sources of artificial light are also at high temperature. 

The branch of Physics which deals with the phenomena of light 
is known as Optics. The subject of Optics is divided into two parts. — 

(a) Geometrical Optics. — Here the formation of images is ' dealt 
with in accordance with certain observed laws purely by geometrical 
methods without entering upon any theory regarding the nature 
of light. 

(b) Physical Optics. — It deals with the theories as to the nature 
and propagation of light and explains the experimental laws with the 
help of those theories. 

2 (i). Light is energy. — Light is a form of energy. Like all 
other forms of energy it is also indestructable and can undergo 
transformations into different forms of energy, such as mechanical, 
chemical, electrical etc. Like any other form of energy, it also can be 
derived from these forms. 

(a) Light energy and Mechanical energy. — The production of fire 
by the rubbing of two pieces of dry wood, or by pressing a piece of iron 

1 (II) 



INTEBMEDIATE PHTSICS 


against a rotating stone wheel, is an example of how mechanical energy 
can 'be first converted into heat energy which is then transformed into 
light energy. The reverse process, where light is transformed into 
mechanical energy, can be found in the fact that when light falls on 
a surface it exerts pressure on the latter. In 1900 Lebedew 
actually made a thin vane rotate by this mechanical pressure. 

(b) Light energy and Chemical energy , — The burning of a candle, 
of a gas in case of an incandescent gas lamp etc., are examples where 
the substances combine chemically with the oxygen of the air, and the 
energy of the chemical combination is transformed into heat and light. 

The reverse phenomenon, when light energy is transformed into 
chemical energy, occurs in ordinary photographic plates where chemical 
decomposition takes place of certain silver salts, when exposed to 
light. The changes so produced are then developed by chemical 
treatment to reveal the picture. 

(c) Light energy and Lllccirical c?icr(/i/.-*-Modorn electrical glow 
lamps are examples which illustrate how electric energy, is transformed 
first into heat and then into light energy. 

Light energy can also be converted into electric energy. It has 
been found that electrons are readily emitted by certain metals, e. g. 
potassium, Oicsium, etc., when light falls on them. This property of 
the above metals has been utilised in the construction of photo-cells, 
which are extensively used in modern ^talkies’ and 'television’ (see 
Oh. X, Part VII, for the production of electric current). 

2 (ii). Light is invisible. — Light is a form of energy and is 
itself invisible. It makes the things visible to us. Light as such is 
not seen, but the objects around are seen with the help of light. 
The track of a beam of sun-light entering through any slit into a 
dust-free room can not be visualised but when dust particles are 
scattered in the path of the beam, the track becomes noticeable. The 
light falls on the particles, which are then seen by the light scattered 
by them. 

3. Definitions. — 

Ray. — A ray of light is the path along which the light travels. 
Bays are invisible. They travel straight in the same medium and are 
represented by straight lines with arrow-heads which indicate the 
direction of travel. 

Beam : Pencil. — A collection of rays along a definite direction 
is called a beam, A narrow beam is called a pencil of light. A ray 
is single and a beam is a bundle of rays. 
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A beam of light may be (a) parallel, (b) convergent, or 
(o) divergent, (Fig. 1). 

Parallel beam. — A beam is said to be 
parallel when the rays making the beam 
are parallel to each other, i.e. when the 
rays do not meet each other if produced 
backwards or forwards. When light 
comes from a point source placed at a Fig. 1 

very large distance, the rays within a 

limited space are sensibly parallel. For this reason, the sun’s rays 
are taken to be parallel. 

Convergent beam. — When the rays making a beam are directed 
towards a point, ‘ i.e. when the mutual distance between the rays 
decreases gradually and progressively till they meet, the beam is said 
to be convergent. 

Divergent beam — When the rays making a beam originate from a 
point and diverge out,*^. e. when the mutual distance between the 
rays increases gradually and progressively as the light travels forward^ 
the beam is divergent. The rays from any point of a source of light 
spread out in all directions in the form of a divergent pencil. 

A substance, or any portion of space through which light can pass, 
is called an optical medium. 

A medium is called isotropic or homogeneous when it has the same 
property, i. o. composition, density, etc., throughout ; and a medium 
having different ju'operlies at did'erent points is called heterogeneous. 

Luminous and Non-luminous Bodies — Luminous bodies are 
those which emit light of themselves, such as the sun, the burning 
lamp ; and non-lununous bodies, like wood, stone, etc., are those Which 
do not themselves omit light, but which become illuminated by the 
light of other luminous bodies and servo as objects 

Non-luminous bodies may be transparent, translucent, or opaque. 

Transparent bodies are those through which light can pass with 
only negligible absorption and, as such, ati object can be seen distinctly 
through them, e. (j. glass, water, air, etc. 

Translucent bodies are those which allow a part of the light inci- 
dent on them to pass through them and scatter the rest! Through 
them vision is possible but it is not so distinct as in the case of 
transparent bodies. Greased paper, ground glass, parafiin wax, etc. are 
translucent. 

Opaque bodies are those which do not allow any light to pass 
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through them, and through which no object can be seen, c. g. stone, 
wood, etc. 

The difference between transparent and opaque besides is often a 
question of thickness. Thus a thin leaf of silver cair transmit some 
light but a thick slab of silver is opaque. Though water is trans- 
parent, an object at a great depth of water cannot be seen. 

4. Light travels in straight lines. — In a homogeneous transparent 
medium light travels in straight lines. In other words, propagation 
of light is rectilinear. 

Expt. — Take two card-board screens A and B (Fig. 2) and make a 

small pin-hole in each. Place a 
candle flame G and the two screens 
in such a way that the two holes 
A and B and the middle of the * 
flame are in the same straight 
line Ncfw, placing the eye E 
behind the screen B in the same 
straight line, the flame will be 
visible. If, however, any of the screens is displaced, the* light is im- 
mediately cut off. 

The most common illustrations of the rectilinear propagation of 
light are, (1) the formation of shadows, and (2) the formation of 
inverted images by a pin-pole. 

4(a). Shadow. — 

When an opaque body is placed in front of a source of light, the 
rays in that direction are intercepted and consequently the space 
behind it, where light cannot penetrate, is in darkness. The boundary 
of this darkness formed on a screen held behind the body is a geomet- 
rical form and is called the shadow of the body. Thus a shadow is a 
consequence of the reoitilinear propagation of light. Formation of 
shadows is possible because light can not bend round the corners of an 
opaque body, as sotmd can. 

Different Cases of Shadows : — 

(i) Point Source and Extended Obstacle Let L be a point 
source in front of which a spherical opaque object AB is a placed and 
S, a screen held behind AB, Join L to 4 and B, the extremities of a 
diameter of the body and produce the straight lines LA and LB up to 
the screen at^' and B\ If lig^ht travels in straight lines in an isotropic 
medium {e.g , air) the cone of light ALB will be intercepted by the 
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body AB, The projection of this cone on the screen S will ^ ft 
circular plate of darkness A'B' which, 
therefore, is the shadow of AB. The 
shadow, in this case, is a diverging 
one. 

(ii) Extended Source Smaller 
than the Obstacle Let S be a 

source smaller than the opaque sphe- 
rical object G (obstacleJ behind v/hich 
the screen DA is placed [Fig. 4 (a)J. 

The extended source S may bo reg- Fig. 3 

arded as a collection or assembly of 

point sources only. Two extreme points (at the ends of a diameter) 
"are taken on the source corresponding to each one of which a cone of 
light is stopped by the obstacle G. Thus tho area limited by C and A 
on the screen does not receive any light corresponding to one of tha 
points referred to above and again tho area limited by D and B doeft 
not get any light from the other point. 

The area* limited between D and A, generally known as the shaclalir# 
is not uniform in chaf^acter everywhere. The nature of the ehadW^ 
will be a circular plate of complete darkness surrounded by a 
dark ring of darkness. The area limited between 
C and iJ does not receive any light from either of 
the two extreme points of the source, ^.e. it does 
not receive any light from any point of the source 
at all and is completely dark This region is 
called tho umbra of the shadow. No part of the 
source ca.nbe seen from any point within this 
cone. The area limited between D and C, or 
betw'een B and /I, is under a difl’erent condition. 

Such areas receive light from some parts of the 
source but do not get light from the other parts. Fig. 4(a) 

These areas are, therefore, partially dark or partially lighted. Prom 
such regions, some parts of the source can be seen while the other 
parts are invisible. Such regions are called penumbra. The umbra 
and the penumbra in this case both increase or .decrease as the 
distance of the screen from the obstacle increases or decreases, i. e. 
they are diverging in character. 

Umbra and Penumbra : — Umbra is that portion of the shadow of 
An object which is completely dark and from which no part of the 
source of light is visible. Penumbra is that portion of the shadow 
which is only partially dark and from which some parts of the source 
are visible. 
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t(iii) Extended Source Larger than the Obstacle :~Let S be the 
O the obstacle and DA the screen. By considering two extreme 
points on the source, it will be found that the two divergent cones of 

light from them, which are inter- 
cepted by the obstacle (7, produce 
the umbra CB and the penumbra 
CD and BA. The penumbra is diver- 
gent but the umbra convergent. If the 
screen is shifted away from the obs- 
tacle, the umbra progressively redu- 
ces in size and finally when the 
screen is at the apex of the umbral 
cone, the umbra reduces to a point. 
After the crossing of the apex when 
the screen is at Di ili, an area is found which is not at all in 

shadow but is lighted. If an observer looks to the source from such 
a region, the middle portion of the source will not be seen due to the 
dbstacle G but the peripherial portion (outer portion) of the source will 
be visible. 

5. Eclipses of the Moon and the Sun. — 

Both the lunar and the solar eclipses can be explained from the 
principle of the formation of shadows. These are, some natural 
instances which illustrate the truth of the recitilinoar propaga- 
tion of light. The sun is a very large luminous source round which 
the earth moves in its orbit with a definite periodic time while the 
moon moves round the earth, in an orbit inclined at an angle of about 
S'* degrees with respect to the orbit of the earth, in a definite period 
of its own. 



Lunar Eclipse. — It occurs during the full moon Tperiod^ i.e. when 
the earth lies between the sun and the moon (Fig. 5). As the sun is 

larger than the earth (which acts- 
as an obstacle ), umbra and pen- 
umbra wdll be produced as shown 
in Fig. 5, where the umbra is 
converging. The size of the earth 
is such that the apex of its umbral 
cone is always well beyond the 
moon’s orbit. When the moon, in 
course of its rotation round the 
earth, passes completely into the umbra of the earth's shadow, the 
moon is totally out of view' from the earth's surface and the pheno- 
menon is called the total eclipse of the moon. If the moon is partly in 



Fig. 5 — Lunar Eclipse 
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the umbra and partly in the penumbra as is depicted in Fig, 6, th^^ 
eclipse observed is partial. 

The luna|:^^Up3e does not occur at every full moon, because Ae 
shadow of the^wrfeh is not always formed on the moon, the corbit of the 
moon being inclined to that of the earth by about d** degrees. 

Solar Eclipse. — It occurs during the new moon peripdt i.e. when 
the moon lies between the sun and the earth [Fig. 5(a)i. The moon 
acts as an obstacle and as it is very ^ 

small compared to the sun, the umbra 
produced is too much convergent and 
as a result, the umhral cone is cut hy 
the surface of the earth at only a little 
earlier than the apex. A small portion 
CB of the earth’s surface, by which 
the umhral cone is intercepted by the 
earth, is in complete darkness though 
facing the sun. To the people in this 
area, the sun will be dbmpletely out of 
view and for them, it will be a case of total eclipse of the sun. To 
the people of the penumbral zones like CD and JB/l, round the zoiur 
(^C) of total eclipse.c'^ the sun will bo only partially in view and for 
them it will be a case of partial eclipse of the sun. The nature of 
the partial eclipse will depend on the position of the observer. 

The umhral and penumbral cones do not touch the earth’s surface 
at every new moon, because (i) the plane of tho moon’s orbit is inclined 
to that of the earth by about 5^ and (ii) the distances of the earth 
from the sun and tho moon vary and consequently the earth often goes 
too much beyond the umhral cone. So the solar eclipse does not occur 
at every neiu moon. 

Annular Eclipse of the Sun. — If the earth is placed a little 



Fig. 5(a) — Solar Eclipse 



Fig. 6 — Annular Eclipse of the Sun. 

beyond the apex of the umhral cone of the moon during a new moon period^ 
which of course is not a frequent event, an observer P (Fig. 6) lying 
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within the geometrical prolongation of the umbral cone limited by 
C and Bt will see the outer ring of the sun’s disc round the central 
patt GH which will be in darkness due to intervention of the moon. 
Bach a phenomenon is called the annular eclipse of tH^ sun. 

6. The Pin-Hole Camera. — This is another example of the rectili- 
near propagation of light. It consists of a rectangular box KFGIl 
(Pig. 7) having a hole 0 of the size of a pin-prick in the front wall and 
a ground glass screen FG at the back. The interior of the box is pre- 
ferably painted black to avoid internal reflections. Consider a luminous 
object AB Light is emitted from every point of the object in all 
directions. Of this, a narraw pencil passes through the aperture 0 

of the camera and produces on the 
ground glass screen placed at F G, 
a small patch of light which 

is the image of the object. On the 
screen, i4i . is the image of a point 
A, and B^ tl^pbt of the point B, 
assuming light to travel in straight 
lines in the same medium. Thus 
an invertd image is obtained on the 
screen. The inversion of the image, which has been possible due to the 
rays proceeding straight and cutting each other at the pin-hole, esta- 
blishes the truth of rectilinear propagation of light. The size of tho 
image is directly proportional to the distance of the screen from the 
aperture ; for, 



Fig. 7 — Pin-Holo Camera. 


AB distance of object from the pin-hole 

A^Bx distance of image from the pin-hole 

Effect of Enlargement of the Hole. — By making the aperture large, 
a bright image is obtained, but it becomes blurred ; and if the aperture 
is made very large, then, instead of any image being formed on the 
screen, only a general illumination on a portion of the screen will be 
produced. For, a large aperture may be considered to be made of a 
number of small apertures due to each of which an image is formed 
on the screen ; by the overlaping of these images the boundary of the 
resultant image formed becomes blurred and no distinct image is 
visible. 

A photbgraph may be taken with the help of a pin-hole camera, 
by substituting a photographic plate for the screen, but the size of 
t1^ aperture being small, a much longer exposure is required than 
with the usual lens-camera. The similalarity of the photograph in 
every details of the picture \^ith corresponding positions of the object is 
also a result of the rectilinear propagation of light. 
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7. Radiation of Light. — A body ^hich is hotter than the medium 
surrounding it radiates energy into that medium. This energy- is 
radiated in the form of heat only, if the temperature of the b^y is 
below that at which it becomes *'red'hot”. At the "red-hot” tempera- 
ture the body emits light in addition to heat. At a higher temperature 
still, when the body becomes "white-hot", the light emitted gives the 
impression of white-light. When light energy is radiated by a 
luminous body, always some heat energy is also simultaneously 
emitted. 

The ratio radiated in the form of l i ght 

total energy radiated by the body 

is called the radiant efficiency of the body and it obviously depends 
upon the temperature of the body. 

Definitions. — 

Luminous flux (flux of light) is the light energy radiated per second 
from a luminous body. i It is, therefore, a form of power. 

The illuminating power [intensity of emission) in any given direction 
is the luminous flux radiated per unit solid angle in the direction 
in which the intensity^ is required. 

If total quantity of light energy emitted by a body per seoondi 
supposed uniformly in all directions, the luminous flux radiated per 

unit solid angle is , since the whole solid angle about any body 

is 4^. Again, if a hollow sphere of unit radius is drawn with the 
luminous body as centre, the amount of light that will fall per second 
on each unit area on the internal surface of the sphere^wijil also 

be ^^ 2 * ^ the illuminating power may also be defined 

as follows. 

The Illuminating Power of a source of light is given by the amount 
of light which falls per second on unit area of a surface placed at unit 
distance from the source, the rays falling perpendicularly on all points 
of the surface. 

Unit of Illuminating Power. — 

Candle-Power. — It is the unit of measurement of illuminating 
power. The illuminating power of a standard candle is said to be 
one candle-power (abbreviated as c. p.) The candle-power of a source, 
then, expresses how many times the illuminating power of a 
^source is greater than that of a standard candle. When it is said that 
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an electric lamp is of 25 c. p., it means that it can produce the same 
illumination at a point as 25 standard candles placed in its place to- 
gether can. The Mean Horizontal Candle-Power (M. H. C. P.) of a 
source of light is the average value of the can'dle- powers in all 
directions in a hori7ontal plane passing through the source of light. 

The Meaji Spherical Candle-Power {M. S. G. P.) of a source is the 
mean of the candle-powers in all directions from the source of light, 
and is the same as the candle-power of a source of light which radiates 
the same total flux uniformly in all directions. 

Standards of Candle-power. — 

The Standard Candle. — It is a candle made of sperm-acetic wax, 
i inch in diameter, weighing one-sixth of a pound and burning at the 
rate of 120 grains per hour. 

This was the old British standard for candle-power. The term 
“candle-power” is derived from this standard. This standard, however, 
has been found not to fulfil the requirements of a true standard, for its 
illuminating power varies, though slightly, with the factors such as 
pressure, temperature, humidity, COa-content of the ah’, the shape 
of the wick, etc. 

Vernon Harcourt Pentane Lamp. — This lamp has superceded the 
old British standard and is now-a-days used as the British standard 
of candle-power. In it a flame is produced by burning the vapour of 
pentane oil, which is a light volatile oil derived from paraflin. There 
is no wick in this lamp. It has also been adopted as the International 
Unit. When constructed under the standard specifications and the 
flame properly adjusted, its illuminating x)ower at the specified condi- 
tions of pressure, temi)erature and humidity is equal to 10 interna- 
tional units of candle-power. Therefore, one candle-power is one-tenth 
of the illuminating power of a standard Vernon Harcourt Pentane 
Lamp. 

Hefner Standard Lamp : — This lamp in used as the German 
standard of candle-power. A specially constructed wick of untwisted 
cotton is used in this lamp and the fuel used is a pure grade of amyl 
acetate. When properly adjusted, the illuminating power of the flame 
reduced to standard conditions of pressure, humidity and GO 2 -content, 
is one Hefner Candle-power. One Hefner candle-power is equal to 0 ^ 
British candle-power. 

The modern British standard lamp (Vernon Harcourt Pentane 
Lamp) has the advantages, as compared with the Hefner, of higher 
candle-power, better colour and greater steadiness of flame. It is also 
less affected, as regards candle-power, by the height of the flame. Its 
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disadvantages, are its lack of portability, complicated struoture*. 
and bulk. 

Lumen :v-For measurement or comparison purposes, some standard 
of flux must be fixed up. This standard unit of flu jc is the Lumen, 
which is the '"luminous flux" emitted in unit solid angle from a source - 
of unit candle-power (situated at the apex of the solid angle), the 
radiation being uniform in all directions. That is, the total quantity 
of light emitted per secniid by a standard candle is lumens. Thus 
it is also the same as the amount of light falling per second on unit 
area placed normal to the rays of light from a standard candle held at 
unit distance. 

The Brightness of a source is the luminous flux emited per unit 
area of the surface of the source in a direction perpendicular to ■ 
the surface. 

8. Degree of Illumination. — 

When a surface is iCluminated by any source of light, the amount 
of light received by the surface depends on (/) the area of the surface ; 
{ii) the distance of the surface from the source ; the surface will be 
brighter if the source be nepror ; {Hi) the inclination of the surface 
with respect to the rays of light ; (iv) the illuminating power of 
the source ; the surface will be brighter when held in front of an 
electric lamp instead of a candle, and {v) the nature of the medium. 

The Intensity of Illumination (degree of illumination) at a point 
on a surface is the amount of light falling per second on unit area 
surrounding the point. This depends on the illuminating power of the 
source, the distance of the surface from the point, the inclination of the 
surface with respect to the rays and the nature of the medium 

Evidently, the illuminating power of a source of light is numeri- 
cally equal to the intensity of normal illumination produced at unit 
distance. 

If I be the intensity of illumination, and Q, the amount of light 
falling per second upon any area A, then, /= Q!A. 

Units of lulensity of illuminatiou 

In British Units, the illuminating power (P) is measured in 
candle-powers, distance (d) in feet and the intensity of illumination 
is expressed in foot-candles. 

The Foot-candle is the measure of unit intensity of illumination. 
It is the intensity of illumination on the inside white surface of a 
hollow sphere of one foot radius having a standard candle burning 
its centre. 
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Evidently, one ft. -candle is equal to one lumen per sq. ft. That 
i3,-lumens = ft.-candles X area in sq. ft. 

It may be noted that the intensity of the lighUdue to the Full' 
Moon is approximately equal to one foot-candle, and that due to the 
Sun is 600,000 foot- candles. 


In C. G S. Units, the illuminating povver (P) is measured in candle- 
powers, and the distance (d) in cms., or metres ; the intensity of illu- 
mination is then expressed in cm.-candles or metre-candles, 1 c.p. at a 
distance of I foot produces an intensity of illumination of 1 ft. -candle. 
So in the British system, the intensity at a distance of 1 foot from the 
standard candle is unity ; at a distance of 10 feet from a lamp of 25 c.p., 


25 

the intensity of illumination = foot-candle only. The best inten- 


sity of illumination for reading and writing purposes is about 3 to 6 ft.- 
candles. 

8 (a). Laws of illumination : — 

(i). The Law of Inverse Squares. — When illumination on a 
surface is duo to normal incidence of rays, the variation 'Of intensity 
takes place according to this law. Let S be a point source of light 
placed at the centre of a hollow sphere A of radius (Pig. 8). Each 
unit area of the sphere will be uniformly illu- 
minated, as light is emitted equally in all direc- 
tions. If there be another hollow sphere B of 
radius ra and with the same centre, then, in the 
absence of A, the same total quantity of light, 
which falls on the inside surface of the sphere A of 
area 4^ri®, will fall on that of B of area 4^r2®. 
Consider also a concentric sphere C (not shewn in 
the figure) of unit radius within the sphere A, If Q 
be the total quantity of light emitted by the source 
per second, then the quantity of light falling on 
unit area of C per second, i, e the intensity of illumination, J, at the 
inside surface of the sphere 0, (which is equal to the illuminating- 
power P of the source S, since the inside surface of C is at unit 
distance from 5) will be given by, 



J= 


471 X 



( 1 ) 


If r, and Js be the intensities at the inside surfaces of the spheres 
.4 and B respectively, we have, 

4Vir”» ' 
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That is, the intensity of illumination at a point 
a, ffhfi'tT^^Cbting power of the sour ce 
Square of the distance 

Or, the intensity of illumination at a point varies inversely 
as the square of the distance from the source. This is the law of 

inverse squares. 

(ii) Lamberts Cosine Law for Oblique Illumination : — 

This law states that, if a surface is inclined with respect to the 
direction of the luminous flux, so as to make the angle of incidence 
then the degrej of illumination of the surface is reduced from that 
given by the Inverse Square Law stated above in the ratio Cos 6 : 1. 

Let 0 [Fig 8(a-)l be a point source of light and AB a small plane 
surface of area s placed such that the rays incident at the central 
part of the surface make an angle 0 with 
the normal to the surface. The area being 
small, the angle of incidence ^ may be 
taken to be the same fo't the whole of the 
surface. The total light incident on the 
surface AB wdl bo limited by the cone AOB, 
whose normal section" at B is, suppose, 
given by BA^ If q is the quantity of light 
passing through any section of this cone per 
on AB will be given by, 

r=*f//s (i). 

The intensity on the normal section will bo given by, 

/ = r//area of section = (//s cos 0 (2), *"/7cos®. 

= I cos d. 

9. Photometry : — The measurement of illuminating power of any 
source of light by comparison with that of a standard source is called 
photometry (Gk. photos, of light and metron, a measure). Photometers 
are instruments by which the comparison is made. 

Two methods are given below for comparing the illuminating 
powers of various sources. The Lummer-Brodhun photometer is used 
where greater accuracy is required for the measurement of illuminating 
power. 

Optical Bench : — 

It is a long and narrow bench, metallic or wooden, 
placed on stands having levelling screws by means of which the bed of 
the bench may be made truly horizontal. A scale is attached to the > 



second, the intensity t 
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bench or etched on it along its entire length. On the bench there are 
some sliding carriages each provided with a stand or upright which 
can hold an optical element such as a lens, mirror, slit or screen. Each 
carriage has on its front face a vertical mark, called Uie Index mark, 
which gives the position of the optical element the carriage holds and 
the position of the optical element on the bench is determined by the 
reading of this mark against the scale. Any error made in the fixing 
of this mark introduces an error, called the Index error, in the deer- 
mination of the position of the optical element concerned. 

Index error, for the distance between two optical elements mounted 
on the stands, is determined as follows. A thin rod, called the index 
rod, whose length is accurately measured by means of a scale, is held 
between the two objects parallel to the bench such that the ends just 
touch the two objects. Thus the real distance, say 6i, between the 
objects at those positions is equal to the length of the rod. Read the 
positions of the two index marks on the carriages concerned against 
the scale of the bench and hence find out the apparent distance, 
say 62, between the objects. So (62 ^i) is the index error and the 
correction to be applied will be, (61 - 62), to be added algebraically 
to the apparent distance. This error and so the correction will 
remain constant even if the distance between the objects is changed, 
provided the objects always remain normal to the bench. 

(a) Rumford^s Photometer. — In this photometer an opaque rod 
G is vertically fixed in front of a ground glass screen S (Pig. 9 ). Two 
lights A and B wliose illuminating powers are to be compared are 
/placed in front of the rod, and their distances from the screen are so 



adjusted that twd shadows AnB^t are formed side by side on the screen 
corresponding to them and are equally dark. Both the shadows being 
• equally intense, the intensity of illumination on the screen (i.e. in the 
position of the shadows) duetto both the sources, is the same. 
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The shadow cast by a rod which cuts off rays from one source, 
is illuminated by the other source, that is, the shadow cast by the 
candle A is illuminated by the gas lamp B, while the candle illumi-^ 
nates the shadow cast by the gas lamp. 


If Pi be the illuminating power of the candle and dt be its dis- 
tance from the shadow cast by the gas lamp, and be the illuminat- 
ing power of the gas lamp and be its distance from the shadow 
cast by the candle, then the intensity of illumination on the screen 
due to the candle — Pi AZi®, and that due to the gas lamp“P 2 /^? 2 *- 


Since the intensities are equal, we have, —g 


Pi 

di^ 



di» 

da*-* 


That is, the illuminating powers of the two sources of light are 
directly proportional to the squares of their distances from the 
screen at the position of balance. - • 

(b) Bunsen's Grease-spot Photometer. — In this photometer 
(Fig. 10), on an optical bench {BIO the two sourcess of light, A and B, 
are placed on opposite sfdes of a white paper screen G. The screen G, 
•called the photometer head consists of a piece of white paper with a 
spot of grease or oil in the middle. The height of the two sources 
of light aud the greased/spot are so adjusted that their centres are on 
the same horizontal line. The grease-spot being more translucent 
than the rest of the paper allows more light to pass through it, and 
so, if the screen is illuminated by one of the sources only and observed 
from the same side, l/ie spot appears darker than the rest of the paper, 
.as the amount of the light incident on the spot transmits more and 



Fig. 10. — Bunsen’s rhotoiucter. 

«ends back less to the eye by reflection than in case t)f the rest of the 
paper. When looked at from the other side. Le, by transmitted light, 
the spot apijears brighter than the rest. The same thing happens 
in case the other source in used. If now the screen is illuminated by 
both the sources, one from each side, and the distances of the sources 
from the grease-spot are so a^ipst^ tljgf tl^ jpot is equally bright 
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OQ either side, i.e.. both sides look alike, the intensities of illumination 
on the screen due to both the sources are equal. If and dg be tho 
distances of the two sources (having illuminating powers Pi and Pg) 
from the screen, 

we have, ^ 

[When the intensities of illumination on the two surfaces of the 
spot are equal, each surface will lose by transmission to the other side* 
and gain by transmission from the other surface such quantities of 
light as will be identical in case of both the surfaces. So the condition 
of equal intensity will be the condition of equal brightness of the two- 
surfaces. At this condition of equal brightness of the two surfaces 
of the spot each surface will, however, be less bright than the rest of 
the white paper of the screen. For, considering any one face, the 
light incident on the rest of the paper is almost wholly reflected ; 
whereas, of the light incident on the spotted portion, the loss due 
to transmission ‘to the other side will no tr be wholly compensated for 
by the light gained by transmission from the^'other side, because an 
appreciable portion of this transmitted light is absorbed by the grease- 
or oil. So, for each face of the screen, the quantity of Hght reaching 
the eye of the observer from the grease- spot will be less than that 
from the rest of the white paper. That is why, the greese-spot will 
be less bright than the rest of the paper. 

In otherwords, the position of the photometer head for equal 
illumination on either side will really be the case of equal contrast in 
ilhcmination between the opaque and transparent portions of the 
screen] . 

Improved Photometer Head. — 

In Bunsen’s photometer the screen with the greased spot is often 

provided with two plane mirrors inclined 
at equal angles so that an observer may 
see both the faces of the greased spot at 
the same time by reflection from the two 
mirrors as in Fig. 11, each face of the screen 
being looked at by one eye. This arrange- 
ment helps the observer in making his 
judgement of equal illumination by obser- 
ving both the surfaces simultaneously with- 
out movement of the eye. 

To Verify the Law of Inverse Squares with the help of the 
Bunsen's photometer, take four candles (arranged c^ose together) on 
one side and one candle oUft^e other. ^ Proceeding as suggested in the 



Fig. 11 
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above experiment, it will be found that the row of four candles is 
twice as far from the grease- spot as the single candle is. 

Then, we have, - ■* “ “ 

This shows that four candles must be placed at twice the distance 
of a single candle to give the same illumination ; and thus the law is 
verified. 

Mathematical Treatment of the Bunsen’s Photometer. — Let gi, 

be the quantities of light falling per second on unit area of the screen 
C (Fig. 10) from the sources A and B respectively. Suppose a is the 
fraction of unit quantity of incident light, diffusively reflocted from 
the greased portions of the screen. Then (l-a) will represent the 
fraction that should be transmitted. But, owing to the partial 
opacity of the spot, exactly this fraction will not bo transmitted. 
Let K{l — a) bo transmitted, whore X is a constant, less than unity, 
depending on the power,,of absorption of light by greese. 

Hence, the total quantity of light reaching the eye, on the side 
of the source A, from unit area of the greased surface by 

refiection by transmission. Similarly, the quantity of 

light reaching the eye on the other side — ^2 + /r(l — a). 

At the position of balance, we must have, 

. gia + ga7£'(l -a)=*f/2« + gi^(l “«)- 

Considering the ungreasod portion of the screen, the same result 
may also be arrived at. The only difference in the two oases will be 
in the values of the constants, a. A", and the total quantity ofdight 
reaching the eye on either side of the screen in the latter case will 
bo greater. Therefore, at the position of balance, being equal to 
gai we have, 

P P 

, ^ ^ where are the illuminating powers of the 

lamps and dx, d^ the respective distances of the lamps from the 
photometer head at the position of balance. 

10 Notes on Photometers. — In liumford's jjhotometer only 
one side of the screen is used for oomparison, and so scattered light, 
coming from sources of light other than those compared, affect both 
the shadows equally. Therefore, in this case, a dark room is not so 
much necessary, 

2(11) 
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In Bunsens Photometer, opposite sides of the screen are optically 
matched and these two sides are not equally afifected by scattered light 
from other sources. So in this case a dark room is necessary. 

When comparing the illuminating powers of two lights by any of 
the photometers, it is assumed that light is radiated uniformly in all 
directions. This assumption, however, is not quite correct. 

Most sources of light differ greatly in colour, in consequence of 
which it becomes difficult with all types of photometers to compare the 
shadows produced by them. For instance, a candle or gas flame gives 
yellowish light, and a metal filament is rich in bluish light. Due 
to this, the shadow cast by the candle will appear different from that 
oast by the filament lamp even when the intensities are matched. 
For this reason, in photometer experiments, the light to be compared 
should be of the same colour. 

When the lamps to be compared give lights of the same, or similar, 
colour, the Bunsen photometer gives good resplts, but if the colours 
of the two lights differ appreciably, a "Flicker photometer* probably 
gives better results. 

• 

10 (a). Determination of Percentage of Light transmitted by 
a Glass Plate — A Bunsen’s photometer is set up as usual between any 
two sources of light and the distances between the sources are adjus- 
ted until their illuminations are equal. The glass plate is then placed 
between the photometer and any of the two sources. Evidently the 
intensity of illumination (as seen on the photometer screen) due to the 
source of light near the plate is diminished, and so it will be necessary 
to move this source towards the photometer inorder to make the 
illuminations again equal. 

If di be the initial distance of this source from the photometer 
and the final distance when the glass plate is interposed, the intensity 
of illumination in the beginning is Pidx^, where P is the illuminating 
power of the source, while the final value is xPjdx^, where x is the 
fraction of light transmitted by the glass plate. The other source 
being at the same place as before, these illuminations are equal, that is, 
^ P xP 

we have j “5 ; or x ^ ^ , 

d\ df^ d^ 

Hence the percentage of light transmitted by the plate is 

100®-100d,*/di*. 

Esamplea. — 1. Tvjo electric lamps of 64 and 16 candle-power respectively are 
placed 200 cms. apart. Where would you place a screen on Ihe line joinina them in 
order that it may be equally illuminated by each of them f (Pat. 2929),. 
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Let X cm. be the distance of the screen from the 16 c. p. lamp. Then its 
distance from the 64 c. p. lamp is (2Q0'^x) cms. Now, for ecpial illurainatipn 

16 64 

on the screen, we have, *“ (2^- ^ * whence 3. c* + 400^-40000—0 ; 

i.e. 66‘6 cms., or— 200 cms. 

This means that there are two possible positions for the screen ; (1) 66'6 
cms. from the 16 c.p. lamp., and (200-66'6) cms. or 133‘4 cms. from the 64 c.p. 
lamp ; (2) 200 cms. to the left of the 16 c. p. lamp on the line joining the two, 
and 400 cms. from the 64 c. p. lamp. The former corresponds to the Bunsen’s 
photometer while the latter to Bumford's photometer. 

2. In a grease-spot {Bunsen) photometer, light from a lamp with a dirty chimne^ 
is exactly balanced by that of a candle distant 10 cms. from the spot. When the 
chimney is cleaned -the candle has to be shifted by 2 cms. to obtain a balance. 
Calculate the percentage of light absorbed by the dirty chimney. 

{Pat. 1931 ; cf. All. 1924). 

Let Pi be the illuminating power of the lamp with the dirty chimney, P^ 
that with the clean chimney, and d the distance of the lamp from the grease- 
fipot. Then, we have, Pi/tii.® — l/lO® (2) 

Next, the distance of the candle becomes (10 - 2) erns. when the chimney 
is cleaned. Hence, we have, “ 1/9^ ••• ••• (2) 

Prom (1) and (2), ^ 

Hence the dirty chimney absorbs (1 or xVl’) of the total light. So the 

percentage of the light absorbed = x 100 - 36%. 

3. A photographic print is found to be satisfactory when the exposure was for 

lo seconds at a distance of 2 feet from a 16 candle-power lamp. At what distance 
must the same paper be held from a 32 candle-power lamp in order that an exposure 
of 20 seconds will give the sam^ result ? {Pat. 1928 ; Del. U. 1938). 

The amount of light falling perpendicularly upon unit area of the plfoto- 
graphic plate in one second, i.e. the intensity of illumination at a distance of 
2 feet from the 16 c. p. lamp =• 16/2® ; hence the amount of light falling in 16 
seconds — 16/2® x 15. 

Again, if the paper be held at a distance d from the 32 c.p. lamp, the amount 
falling in 20 seconds — 32/«i* x 20. 

In order that the result in both the cases be equal, 32/d* x 20 = 16/2® x 15 — 60. 

32x20 32 , , u-no - 

or - g- = g — ; whence d— 3 23 ft. 

4. A book is to be read from a distance of 5 ft. from an electric lampf for which 
the best intensity of illumination is taken to he 6 ft-candles. Assuming 20% of the 
light reaching the book does so by reflection at the ceiling and walls, calculate the 
candle-power of the lamp which should be used for the purpose. 

Direct rays from the lamp reaching the book provide 80% of the light, 

6 ^ SO 

whose intensity of illumination = '~ioo^~ ft. -candles. “ 4 ft.-candles. 
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If X be the canclle-powcr of the lamp required, the intensity of illumina- 
tion at a distance of 5 ft. "g* ft.-candlea. =4. That is, x— 100 c.p. 


Hence, a 100 c. p. lamp will be required. 


5. A standard candle and a gas flame are placed 6 ft, apart^ the gas flame 
being of 4 candle-power. Where must a screen be placed on the line joining the candle 
and gas flame so that it may he equally ilLum%nated ? {C. U. 1931) 

Let d ft. be the distance of the screen from the standard candle and (d-^d) 
ft. the distance from the 4 candle-power source. For equal illumination on the 


screen due to both sources, we have 


1^4 


whence, d/* + 4£7— 12"0 ; i. c. d = 2 or —6. 

This shows that there are two possible positions for the screen ; (1) 2 ft. 
from the standard candle and 4 ft. from the gas dame ; (2) 6 ft. to the left of 
the standard candle on the line joining the two and 12 ft. from the gas dame. 

6. In a Rumford^s Photometer the screen is at distances of 100 cms. and 64 cms. 
respectively from a gas burner and a candle when *he illumination due to the gas 
burner is matched to the extent of a quarter only by the illumination due to the 
candle. Find the candle-power of the gas burner. {Pat, 1930) 

The intensity of illumination on the screen due to the candle" 1/64®, and 
that due to the gas burner = G/lOO®, where the candle is of 1 c. p and the 
gas burner is of G. c. p. 


According to the condition given in the example, 



or. 


G = 


4 X 1 00 X 100 
64 X 64' 


= 9'7 c.p. That is, the gas burner is of 9’7 candle power. 


Questions. 


Art. 4. 

1. Distinguish between umbra and penumbra. Indicate the formation 

of umbra and penumbra due to a spherical obstacle, when the source of light 
is a luminous sphere, (a) when the latter is larger than the obstacle, (b) when 
it is smaller, (c) when the spheres are equal. (C. U. 1918, ’29) 

2. How would you demonstrate experimentally that light travels in 

straight lines. (Dac. 1923 ; 0. U. 1948). 

Art. 5. 

3. Give a general explanation of the eclipses of the sun and the moon. 

(Pat. 1925, ’27 ; C. U. 1937) 

4. Define Umbra and. Penumbra. The diameter of the sun being taken 
as 9 X 10^ miles, and its distance from the earth 9 x 10^ miles, and the 
diameter of the moon 2100 miles, find the distance of the earth from the 

^moon at the time of a solar eclipse when the eclipse is total only at a single 
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point on the earth. Also, find the diameter of the area on the earth within 
which the eclipse is total when the distance of the moon from the earth is 
209,000 miles. The earth is assumed fiat for this purpose. (P. tl.) 

[Ann : 210,000 miles : 10 miles]. 

Art 6. 

5. Describe a pin-hole camera and explain its action. (0. U. 1980) 

What is the effect of («) enlarging the hole of a pin-hole camera, (6) doubl- 
ing the distance from the small hole to the sensitised plate or translucent 
screen. (Pat. 1931 ; C. U. 1930) 

0. A solar eclipse can bo watched if a beam of sun-light is allowed to 
enter a room through a very line hole, but it is a failure when the hole is big. 
Explain this. (See Art. 6). (Pat. 1932) 

Arts. 7, 8 & 9. 

H. What do you mean by the intensity of illumination and illuminating 
power ? (Dae. 1932 ; c/. C. U. '47, ’49) 

' State the relation between them. (C. U. 1949). 

9. State what is meant by the candle-power of a lamp, and explain how 

it can be determined by a shadow photometer. (Cf. C. U. 1941) 

10. Whaf is meant by the intensity of illumination at a point ? How 
would you verify the la^^’s governing this intensity ? 

(Pat. 1926, ’36 ’37, ; c/. C. U. 1931) 

11. Prove that the intensity varies inversely as the square of the distance 

from the source of light. (All. 1919 ; Dac. 1930 ; cf. C. U. ’41, ’47. ’49) 

12 Two lamps of 10 and 20 c. p. re.speetively arc placed 100 cms. apart. 
Show that there are two positions on the line through the lamps in which a 
screen may be placed so as to receive equal illumination from each. 

13. Explain the principle of a grease-spot photometer. What is meant 

by candle-power ? (C. U. ‘28 ; c/. C.;U. ’47) 

A 10 c. p. lamp is placed one metre from a surface. At what distance 
must a gas flame of 18 c. p. be placed so as to ))roduce an equal illumination 
of the surface ? (0. U. 1928) 

\_A'ii8 : 1'26 metres], 

14. How would you compare the illuminating powers of two sources of light ? 

There arc two electric lamps directly above a table ; one of 32 c.p. is at a 
height of 4 feet and the other of 50 c. p. at i\ height of 10 feet. Compare the 
illuminations of the tabic when both lamps are alternately ljurning. (All. 1931) 

[Ans: Pi ; : : 4 : 1]. 

15. Two sources of light whose candle-powers are in the proportion of 2 : 1 

are 2 metres apart. At what position must a screen be placed in order tl;iat 
both sides may be equally illuminated ? (C. M. B.) 

[Ana : 117'2 cms. from higher c. p.] 
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16. Describe a simple method of comparing the candle-powers of two 
Ja^ps. Explain the theoretical principles underlying the methods 

(Dac. 1933 ; cf, C. U. ’47) 

17. Two sources of light, each 2 candle-power, are* placed on the same 

side of a Bunsen grease- spot photometer. One is at a distance of 1 foot from 
the spot and the other at 2 feet. Where must a third source of 5 candle-power 
be placed in order that the appearance on each side of the photometer may be 
the same ? (L. U.) 

[Ana : At 1'414 ft. on the other side of screen]. 

Art. 10(a). 

16. Two lamps balance on a shadow photometer at distances of 60 and 
42 cms. from the screen. The stronger lamp is, then, covered with a glass^ 
shade which transmits 80% of the incident light. How far must the other lamp- 
be displaced in order to restore balance ? (Pat. 1942) 

[Ana : 4*95 cms.] 

19. A lamp produces a certain intensity of illuriiiiiation on a screen when 
situated at a distance of 85 eras, from it. On placing a sheet of glass between 
the lamp and screen the lamp must be moved 5 cms. nearer , to the screen 
to produce the same illumination as before. What percentage of light is 
stopped by the glass). (L. U.> 

[Ans : 11*42]. 


CHAPTER II 

ReflectioD of Light 


11. DefioifioDs. — 

Reflection. — When light travelling in one medium falls on a 
second medium^ three effects are produced. — 

(a) A portion of the incident light is turned back, reflected 
from the surface of the secohd medium into the first medium again. 

’ (h) A portion is absorbed by the second medium. 
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(c) A third portion passes through and is bent. t.e. refracted into 
the second medium. 

Two Kinds of Reflection. —There 
are two kinds of reflection : (t) reqular 

reflection, and (/i) trreqidar or diffused 
reflection (scattering). 

( 2 ) Regular reflection takes place 
when a beam of light falls on a smooth 
surface, as, for example, a mirror [Fig. 12(a)l 
It is so called because the phenomenon 
is governed by definite laws, called the 
laws of reflection. 

(ii) If regular reflection takes place 
when the surface is not smooth, as for 
example, a wall or the ceiling of a room, 
or a piece of unglazed paper, unpolished {a) Regular Reflection, 

wood, etc LFig. 12(6)J. Abeam of light, (b) Irregular (or Diffu- 

when incident on such* a surface, does not Reflection, 

proceed along a definite direction after reflection, but the rays are refied* 
ted in diverse diiections depending on the nature of the surface. All 
opaque bodies are refhdered visible by such diffused light. 

So the incident light -reflected light (regular and irregnlar) 4- 
absorbed light + transmitted light. In the case of a polished metal 
reflector no part of the incident light is 
transmitted (unless the metal is very thin) 
and very little is absorbed. Such a re- 
flector is in this respect superior to a plane 
mirror, which is only a glass silvered at 
the back. 

Regular Reflection. — If a ray of light 
AB (Fig. 13) strikes a polished plane sur- 
face, say a plane mirror, at B, it will be reflected along BC. Draw a 
line BN at the point B perpendicular to the reflecting surface, 

. Here AB is called the Incident ray and BC the reflected ray. The 
incident ray is the direction in which the light travels before striking 
the reflecting surface. 

The reflected ray is the direction of the path of the ray after it is 
turned back into the first medium by the reflecting surface. 

The line BN which is at right angles to the surface at the point of 
incidence B is called the normal. 



Fig. 18 



<h> 

Fig, 12 
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The angle between the incident ray and the normal is called the 
OTigle of incidence. The angle between the reflected ray and the 
normal is called the angle of reflection. 

Thus, the angle ABN{Li) is the angle of incidence and the 
angle NBC{ L r) is the angle of reflection. 

12. The Laws of Reflection. — Regular reflection takes place 
according to these two laws : — 

(1) The incident ray, the normal to the reflecting surface at the 
point of incidence, and the reflected ray lie in one plane. 

(2) The angle of incidence is equal to the angle of reflection. 


Normal Incidence. — In the particular case when a ray is incident 
normally on the surface of a mirror, i.e. when the angle of incidence 
i)"” 0, the reflected ray returns along the same path, because, in 
this case, the angle of reflection (Z_r)==* 0 (see Fig. 13). So a normal 
ray retraces its own path. 

13. Verification of the Laws. — 


(a) Pin method. — Fix a sheet of white paper on a drawing board 
and draw a line AB on it (Fig. 14). Place 
a thin plane mirror upright on tlie paper 
such that its silvered surface is on the 
lino-drawn (see note below). Fix two pins 
S and 0 vertically on the paper, C touch- 
ing the surface of the mirror in such a way 
that the line through S and C is oblique 
to the plane of the mirror, i.e. to AB. 
Move your eye and fix a third pin D such 
that the reflection of the pin S in the 
mirror and the pins C and D appear contin- 
uous, i. e. they appear to lie in the 
same straight line. Take off the pins after 
marking their positions on the paper and 
remove the mirror. Draw the line SC which represents the incident 
ray, and CD which represents the corresponding reflected ray. Draw 
CL normal to the mirror at C. Measure the angles SCL and LCD, 
which will be found to bo equal This proves the second law. 



The lines SC cCnd CD representing the incident and the reflected 
rays respectively lie in the plane of the paper ; and the line CL, 
which represents the normal, is also in the plane of the paper. This 
proves the first law. 

Note. — The rays are only partially reflected from the front surface 
of the mirror. Most of the reflection takes place from the back of the 
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mirror which is silvered ; however, due to refraction the mirror will 
appear to be only two-thirds of its real thickness [vide Art 50(b)]. 

So the reflecting surface acts as if it is at two-thirds of the thick- 
ness of the glass from the first surface of the mirror. Hence the 
reflecting surface should be taken at one-third of the thickness of the 
glass from the back of the mirror. 

(b) Hartleys Optical Disc Method : — Hartleys disc [Fig. 14(a)] is 
essentially a plane circular disc (D) vertically mounted on a heavy 
stand and is capable of rotation in the vertical plane about a horizon- 
tal axis passing through the centre of the disc. 

The disc is divided into four quadrants by a horizontal and a 
vertical diameter. Each quadrant is divided into 90 equal parts« each 
being a degree (or its submultiples), and the 
vertical diameter is marked 0** — 0**, while 
the horizontal 90° - 90“. Around the edge 
of the vertical disc is a curved metallic 
screen which is provided with an adjust- 
able aperture The aperture can be closed 
by means of .a slide which has one or more 
slits through whiclj.. light from a source 
can be made to pass tracing its path along 
the disc. 

An optical element, say a piece of plane 
mirror M, may be held at the centre of 
the, disc, with its plane normal to the 
disc, along the 90° -90° line by means 
of a suitable clamp attached to the 
disc. 

An adjusted thin pencil of light is 
made to pass through the slit in the screen 
and trace its path along the disc and fall Fig. 14(a) 

on the mirror at the centre of the disc so 

that the 0°-0° line marks the normal at the point of incidence. The 
trace of the reflected pencil is seen on the other side of the normal. 
Because the incident ray and the reflected ray lie in the same plane in 
which the normal lies, i,e. in the plane of the di^c, the first law is 
verified. 

The angle of incidence, as also the angle of reflection. Can be read 
off from the circular scale on the disc and they are found to be equal. 
On rotating the disc (the screen containing the slit remaining fixed), 
the angle of incidence is changed and the corresponding angle of 
reflection found as above. It is seen that in every case the angle of 
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inoidenoe equals the angle of reOection whatever is the angle of inci- 
dence. This verifies the second law. 

* 14. Reversibility uf Light. — In Fig. Vd, any one of the rays AB 
and BCt or in Fig. 14, any one of the rays SO and CB may be taken as 
the incident ray when the other one will be the corresponding reflected 
ray. This fact may be eirpressed by saying that the path of light is 
reversible. This doctrine applies to the case of refraction (chapter IV) 
also. Thus, if a ray starting from a point P reaches another point Q 
along any path either by reflection or by refraction or by both, then 
the ray will travel back to P along the same path if the source be 
placed at Q, all other conditions remaining the same. 

15. Optical Image — If rays diverging from a point source suffer 
changes of direction due to reflection or refraction such that the reflected 
(or refracted) pencil either actually converges to, or appears to diverge 
from, a second point, the second point is called the optical image of the * 
first point. The image is either real or virl^ual. 

Real and Virtual Images. — When a pencil f)f rays diverging from 
a point appears^ after reflection or refraction, to diverge from a second' 
point, the second point is called the virtual image of the first point. 
When the pencil of rays diverging from a point, after reflection or 
refraction, actually converges to a second point, the second point is 
called the real image of the first point. So the real image is formed by 
the actual intersection of the rays and is always inverted and cant 
always be received on a screen. But the virtual image is formed 
by the imaginary intersection of the rays. It is always erect and 
cannot be received on a screen, as it has no real existence. The image 
S' of S in Fig. 14 is a virtual image which has got no actual 
existence, for it is behind the opaque mirror. 

Note. — (1) The image of S seen at S' (Fig. 14) by an eye placed bet* 
ween DF is virtual because it is not formed by the actual intersection 
of the rays and has got no real existence. But if a convergent pencil 
of rays like DC, FE strikes the mirror, the rays will be reflected and 
the image will be formed at 8 by the actual intersection of the rays. 
So an eye placed near S will see a real image. It should be remembered 
that this is the only case in which a plane mirror gives a real image, 
otherwise a plane mirror always gives a virtual image 

In chapters III and Y, formations of real and virtual images by 
spherical mirrors and lenses have been respectively dealt with. 

N. B. The Image formed by a pin- hole camera is not an optical 
image at all for the following reasons : — ( i) the course of the rays of 
light passing through the hole is not changed in any way by reflection, 
refraction, etc. ; (ii) the rays do not intersect on the screen in forming: 
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the image ; {Hi) the image is formed at any distance from the hole ; in 
the case of an optical image, the image is formed at some particular^ 
distance only. 

16. Image formed by a Plane Mirror. — The image of a points 
source formed due to reflection by a plane mirror is (a)’ as far behind 
the mirror as the object is in front ; (b) on the perpendicular drawn from 
the object to the mirror ; {c) always virtual. 

Verification. — 

(1) Pin Method {Sighting Method), -'PtocBed as in the experi- 
ment in Art. 13 and determine the directions of the reflected rays cor- 
responding to the incident rays SC, SE (see Fig. 14). Hemove the- 
mirror and produce the reflected rays backwards. They will converge 
to a single point S‘ which is called the image (virtual) of the point S, 
So an eye situated so as to receive some of these reflected rays will 
see the pin at S\ 

• We have. LSGL» LLGD ; LSGA^L DGB^LAGS\ 

LSGE= LS'GE ; similarly LSEG’^ LS'EG ; and GE is com- 
mon to the triangles SGE and S'GE. 

These triangles are equal in all respects. SO"S^C. 

Again, in the triangles, SGM and S'GM, SG’" S'G ; MG is common, 
to both ; and LSGA^" LS^GA. . The triangles are equal in all 
respects. . . SM^S^M; and Z. SMC— ^ S'AfC- one rt. angle, and so 
SS' is normal to AB. 

Hence, the image of a point is as far behind the reflecting swrface- 
as the object is in front along the normal to the surface drawn from the 
point. The image is virtual, 

(2) Parallax Method, — Consider for a moment that you are look- 
ing at a clock just at 11-bO. If you look at it from the rights it will 
possibly be 11-31, while from the left it will appear to be 11-29. It is 
because there is parallax between the minute hand and the printed 
figures on the dial. So parallax is the relative displacement of objects^ 
if not in actual contact, when seen from different directions. For example, 
hold two parallel rods in the upright position in front of the eyes and 
move the head to the right or to the left. It will be noticed that the more 
distant rod appears to follow the motion of the head While the nearer 
one moves in the opposite direction. If, however, the rods are mad& 
to approach each other, the apparent relative displacement^of the rods- 
would gradually diminish and finally disappear when ther ods are- 
closest together. This relative change in position of the rods with the^ 
change in position of the eye is known as parallax, and the motion 
of the rods relative to each other with the movement of the eye is 
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known as parallax motion. Thus, when any two objects are coincident 
and there is no relative motion between them, parallax is said to be 
elitninated. So by this method coincidence of two objects can be 
tested. • 

Expt . — Fix a paper on a drawing board and place a mirror M per- 
pendicularly to the plane of the paper (Fig. 15). Stick a long pin P in 

front of the mirror and place another long 
pin P' on the o:her side of the mirror 
opposite to P, so that the image of the 
lower part of the pin P appears to be con- 
tinuous with the upper part of the pin P', 
seen above the top edge of the mirror, and, 
moving your eye from side to side, locate 
the exact position of the pin P' such that 
there is no relative displacement between the two, that is, there is no 
parallax, as it is called. Kemove the mirror, and join the positions of 
P, P' on the paper. It wiP be observed that the position of P' is on 
the normal through P produced behind the nttrror, and that the dis- 
tance of P from the mirror is epual to that of P' from the mirror. 

The above method of locating the position of the virttial image is 
• called the Method of Parallax. 

17. Tracing the Rays by which an Eye can see the Image.— 

(a) In order that an eye H ("Fig. 16) can see the image / of a 
point 0 formed by a plane mirror il/, it must receive rays of light 
reflected from some portion of the surface 
of the mirror. Hence, to see the image, 

(i) the source 0 is placed anywhere in 
front of the mirror M ; (ii) the eye must 
be placed within the space enclosed by 
straight lines drawn from the image 
through the boundary of the mirror. 

Here the eye E will be able to see 
the image I of the object 0 formed by the 
mirror M as long as E is placed within 
the space enclosed by JA and IB. 

In the case of* an extended object, each 
•of the two extreme points of it should be treated as the point 0 and 
the same principle should be adopted. 

(b) The image of an Object (i.e. an extended Body) formed by 
a Plane Mirror. — The image of a point source has been considered, 
«but when an actual object is put in front of a mirror, every point of it 



Fig. 16 
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may be regarded as a source of light:. Thus the image of the object is 
formed by the point images of all its parts. 

18. Lateral InversiOD. — When we look at the image of our body 
in a fairly big mirror, we find that the whole of the right side of the 
image appears to be the left side of the 
body ; if wo move our right hand, 
the image appears to move its left ; 
that is. the image is inverted as regards 
side. This is called lateral inversion. 

This happens because every point image 
is at the same distance behind the mir- 
ror as the point object is in front ; and 
the front of the image faces the front 
of the object with the result that the Fig. 17 — Lateral Inversion 
sides of the object appear to be changed in the image. 

• The size of the image is, however, equal to the size of the object. 
The image due to bedies having symmetrical sides is not affected by 
lateral inversion but image duo to non-symmetrical bodies are seriously 
affected. Thus, in Fig. 17, the image of the letter p' is laterally inverted 
and appears as thec letter V/’. It should be noted that this is due to 
the image of every point of the letter 'p' being formed at the same 
distance between the mirror as the point is in front. 

Using two mirrors we can produce two lateral inversions and thus 
get the ordinary view of things. 



19. Rotation of a Beam of Light by a Plane Mirror . — When a 
2 )lane mirror is rotated throuqh an angle, the reflected rag is rotated 
through twice that angle. 


Let a ray MO be incident on the 
mirror AB at an angle i to the normal 
ON (Fig. 18). The angle of reflection 
NOP is also equal to Li. 

Hence L MOP - 2i. When the mir- 
ror is rotated through an angle 0 into the 
now position A'B\ the normal ON is 



also rotated through 0, to the position 

0N\ so the angle of incidence for the . 

ray MO, in this case, is i + 0. The now angle of reflection N^OP' is 


also equal to i + 0. 


. The L MOP' - 2(« + 6). So L POP ' - L MOP" - L MOP " 

= 2(i + 0)-2z»*2O*tho angle through which the reflected ray is 
rotated. 



.^0 


INTERMEDIATE PHYSIOS 


This principle is practically utilized in measuring the very small 
• deflections of mirrors in case of reflecting galvanometers (see Art. 25, 
Part YII), the sextant, etc. 


20. The Sextant. — This instrument, the working of which is 
'based on the principle of double rotation of the reflected ray (Art. 19) 

when a mirror is rotated, is used for 
measuring the angular separation of 
two distant objects. Its important use 
is in measuring the altitude of the 
sun and other heavenly bodies while 
at sea, as the instrument is not afTec- 
ted by the motion of the ship. It con- 
sists of a rigid frame to which is 
attached at right angles a mirror M 2 
of which the upper half is transparent 
and the lower half is silvered. 
Another mirros. Mi, also fixed at right 
Fig. 19 — Sextant angles to the frame, is attached to a 

'•radial index arm Q 7, fitted with a vernier 7, which moves over a 
circular scale AB, the arc being 60°, i.e. one-sixth part (hence the name 
Lat, sextant) of the complete circle. A telescope T is also attached 
to the frame directed towards 2^2 as shown in the figure. If the index 
arm ^7 is moved to the zero position B of the scale, the mirror il/i 
becomes parallel to the mirror Mg. 



To find the altitude of the sun, or of a star, the instrument is 
placed in a vertical plane and the telescope is focussed so that a 
distant object in the horizon is viewed through the transparent portion. 
The mirror 3fi is now turned by means of the arm QV until light from 
the horizon, after reflection at Q and R, also enters the telescope, and 
the position of 7 on the scale is noted when these two images coincide. 
The arm QV is now rotated into the position shown in Fig. 19, so that 
light from the lower edge of the sun, or from a star, after reflection 
at Q and R along the path PQRT forms an image coinciding with the 
iiorizon. The new position of 7 is noted and the angle BQV through 
which the mirror Mi is rotated from the zero position is also noted. 
The altitude of the sun, t e. the angle PQS, is twice the angle through 
which the mirror Hi is rotated. The movement of the vernier 7 over 
the graduated scale is therefore half the altitude of the sun's lower 
edge. As the instrument is used to read the altitude directly, each 
<half degree on the scale is labelled as a whole degree, the arc which is 
^usually 60° being therefore numbered upto 120°. 


It is evident that the instrument may be used to measure the 
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«,ngle subtended by any two distant points if the instrument is placed 
in the proper plane. 

21(a). Deviation produced by one Reflection in a Plane Mirror. — 

In Fig. 18, it will be seen that the ray MO which, in the absence of 
mirror AB^ would have travelled straight in the direction MO, has 
taken the path OP due to reflection at the point 0. The direction of the 
Tray MO has, therefore, been changed by the angle (« - MOP) - (w - 2t). 
This will be the deviation produced in any ray after being reflected 
once at a plane surface. 

(b). Deviation due to two Successive Refiections at Two inclined 
Mirrors. — Instead of one reflection if the ray be reflected twice, i.e. 
by the two mirrors (Fig. 20), inclined at the angle 

the change of direction due to the first reflection 
at P is — 2i), and that at Q is (j® - 2i). Hence 
the total deviation produced by two reflections 
would be (?® ~ 2i + 31 - 2^0 == 2?® - 2{i + i'), where i 
is the angle of incidence at the second mirror. 

It is assumed, however, that the ray always lies 
in one plane.* On drawing the diagram it will Fig. 20 

oasily be seen thatS'■•^ + ^^ Thus, after two refieotions, deviation 
“(27® -20). 

That is, the deviation of a ray undergoing two reflections depends 
•only upon the angle between the two reflecting surfaces. 

Example . — 

Rays of light strike a horizontal plcni mirror at an angle of Show 
.how you would arrange a second mirror in order that the refi^cted ray 
may finally he reflected from the second mirror horizontally, (Pat, 19S2) 

Here, in order that the final ray may be horizontal after two successive 
reflections, the deviation suffered by the ray will be = 180*+ 45®** 225*^. 
Hence, if the second mirror be inclined at to the first, we have, 

2Tr-20-22.5* ; or 20 -360* -225*- 133* ; .*. 0-67*6®. 

22(i). Two Mirrors Inclined at any Angle. — Let OA and OB 
represent two plane mirrors facing each other and inclined at an angle 
AOB (Fig. 21). Let P be a source of light. The imag*e of P formed by 
reflection at the mirror OA is at Pi on the normal PNP^ to'the mirror. 
This virtual image is formed as a result of reflection of the rays 
diverging from the point P and incident on the mirror OA, It can be 
shown with the help of geometry that OP"-OPi. Therefore, Pi lies on 
the circle drawn with 0 as centre and radius OP. It will be seen 
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that other images formed will also lie on this circle. Now, Pi serves 
as an object in front of the mirror OB. Draw a normal PiPg on OB 



Fig. 21 Fig. 22 -Two mirrors at rt. angles 

so that PiPa is bisected by OB. Then P is the itnage of Pi formed 
by the mirror OB, and OP 2 will be equal to OPi. Similarly, Pg serves 
as an object in front of the mirror OA, and an image Pg is formed on 
the other side of OA so that OPg is equal to OPg. Pg falls behind 
both the mirrors and no further image is formed. 

In the same way, another series of images P\ P", P^", etc., will be 
formed, the first image beginning with the mirror OB. The process of 
formation of images by successive reflections at the surfaces of the 
mirrors goes on until an image has been formed behind both the 
mirrors, i. e. within the angle A' OB'. 


The number of images formed depends on the inclination of the 


mirrors, and can be proved to be equal to 


/ 271 

\ e 


1 


where 0 is the 


angle between the mirrors. Thus, when the angle is 90°, the number of 
images is 3 (Fig. 22) ; when it is 60°, the number is 5, and so on. 

If, however, 0 is not a submultiple of 27*, i. e. if 2n/0 is not a whole 
number, the total number of images is the integer next greater than 


(ii) Two Mirrors at Right Angles. — In Fig. 22 two mirrors 
and M 2 are placed at rt. angles to each other and facing the object P. 
Bays of light diverging from P have been drawn showing how by 
successive reflections images produced by Mi and M^ are seen by an 
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observer whose eye is suitably placed. Pi and Ps are the first images 
produced by and i/g respectively. Each of Pi and Pg acts as 
a virtual object for the other mirror and produces images Pg and P 4 
respectively. In the case of two mirrors at rt. angles to each other, 
as shown in the figure, Pg and P 4 merge into one image. So there are 
three images altogether seen by the eye. 

Brewster’s Kaleidoscope. — This is a toy constructed on the 
principle stated above. In this, two mirrors are kept 
inclined at an angle of 60° in a tube. Between the 
mirrors are placed several bits of coloured glass, each 
of which produces 5 images, and, as the tube is 
turned round, symmetrical hexagonal patterns are 
observed on looking into this tube. 

23. Simple Periscope — This is an application 
of the principle of reflection. Fig. 23 explains the 
principle of a Simple Periscope which is formed by 
fixing two plane mirrors^at angles of 45° to the axis 
of the tube and parallel {io each other. Bays of light 
from distant objects are tirst reflected from the upper 
mirror along the axis o^the tube and then being re- 
flected by the lower mirror come out in the horizon- 
tal direction reaching the eye of the observer, thereby 23 — Simple 

giving him a view of the distant objects. The Periscope 
instrument is used for looking over the heads of crowds by raising the 
upper mirror of the instrument above the obstacle, for observing enemy 
movements in trench warfare without any danger to the observer, for 
observing a performance in an enclosure from without, etc. Periscopes 
using totally reflecting prisms (Art. 52} are used in submarines. 



24. Reflection in Two Parallel 

mirrors parallel to and facing each other. 



Mirrors. — Place two plane 
Let P be a luminous point 
between them. Through P 
draw a straight line per- 
pendicular to both the 
mirrors and produce the 
lino both ways, meeting 
the mirrors LK and MN 
at A and* B respectively 
(Fig. 24) The image of P 
formed by the mirror LK 
will be at Pi such that 


Fig. 24 


AP^^^AP, Bays diverg- 
ing from P will appear to 


come from Pi after being reflected by the mirror LK, Some of those 


3 (II) 
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refleoted rays will fall on MN and will appear to diverge from Pg. 
being the image of Pi which serves as an object in front of the mirror 
MN, so that BP^^BPx. Again, in the same wsyr, the image of Pg 
is formed at Ps behind LK Starting with the rays first reflected 
from the mirror MN, another series of images will be produced as in 
the above case. 


Theoretically, the number of images thus formed in the case of 
parallel mirrors will be infinite, but as the images after each reflection 



• 

get fainter and fainter due to loss of light, the number ot visible images 
is, however, limited, but quite large, no doubt. In Fig 24(a), the 
positions of the images formed by successive reflections from the tv^o 
parallel mirrors have been shown. They extend, theoretically, upto 
infinite numbers on either side. 


25. Multiple Images formed by a Thick Glass Mirror — When 
a candle flame at S is viewed obliquely in a mirror of thick glass sil- 
vered at the back, a train of 
images Sg, Sg, etc, is seen 
within the mirror (Fig. 25). Of 
these images the first is faint, 
the second S.i is usually the 
biightest, and others gradually 
diminhh in brightness. When an 
incident ray SA from a source, 
suppose, a candle flame, falls on the 
mirror at A, only a small portion 
of light is reflected at the surface 
in the direction AB forming a faint 
image Si', while a larger portion enters into the mirror and is reflected 
back from the silvered surface G ; and, of this, again a large part 
emerges out of the glass in the direction DE forming the second and 
the brightest image Sg. The rest is reflected to the back surface 
again, and the process is repeated giving other faint images. All the 
images lie on the normal from the object to the mirror. 



Fig. 25 
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When incidence is nearly normal, by far the greater part of the 
rays emerge along DE making the second image the brightest. Whdn 
we look to our image in a thick mirror, there is no confusion, because 
the images formed by the two surfaces overlap on each other almost 
exactly. With the obliquity of incidence increasing, more and more 
light is reflected at the first surface, and with very oblique rays^ the 
first image becomes the brightest. 

26 Irregular (or Diffused) Reflection : How Objects become 
Visible.— If in the dark room a beam of light is reflected regularly from 
a polished surface, say a mirror, it produces an image of the source of 
light, and an observer in the path of the reflected beam sees the bright 
image of the source. If the observer is outside the beam, the mirror 
will not be visible to him and he will not see the image either. But, if 
the beam falls on a rough surface, the rays are scattered in all direc- 
tions , there is no regularly reflected beam and, therefore, no image. The 
surface is then visible from all directions. So, when the mirror is 
replaced by a sheet of v^fliite paper, the whole surface of the paper 
bocomes more or less illuminated and becomes visible from different 
parts of the room ; because in this case the surface being rough, the 
rays of light are reflected from various parts of the paper in all direc- 
tions, and what is seen is not an image of the source of light but differ- 
ent parts of the paper. 

Such irregular or diffused reflections render visible the objects around 
us, such as unglazed paper, blotting paper, unpolished wood, etc., 
from which the reflection comes, and also other parts of the room 
which are in shadow. 

The amount of the diffused light mentioned above depends upon 
the nature and colour of the surface on which it is incident and also 
on the colour of the incident light. 

White walls and ceilings of a room diffuse larger amount of inci- 
dent light while dark coloured walls will reflect less and absorb more. 
So, for proper illumination in a room, its walls and ceilings should be 
periodically white- washed. 

The rays of the sun are visible on account of the dust particles 
floating in the air which diffuse the light. If the dust particles were 
removed the rays would be invisible. So, we see things because they 
send light to our eyes, but light itself is invisible. Light is a form of 
energy and is not visible, but it is the surrounding objects illuminated 
by light that are visible. 

Twilight. — This is caused by diffused light. After the sun has set 
to an observer at a particular place, its rays falling upon dust and other 
floating particles in the air are scattered, some of which reach the 
place and continue the illumination for some time after sunset. This ia 
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the twilight period. Twilight ends and darkness ensues when such 
diffused rays fail to reach the place. 

27. Some Cases of Reflection — Some interestiilg examples of re- 
flection are given below : — 

(1) Movement of Object and Mirror. — Prove that if an object in 

front of a plane mirror moves through a distance 'd* away from the mirror, 
the image moves through the same distance : whereas, if the mirror moves 
parallel to itself through a distance ^d* {the object remaining fixed) the 
image will move through a distance *2d.' (C. U. V.>23, ’40 ; Dac, '28) 

(a) When the object moves. — If the initial distance of the object 
be X in front of the mirror, then, when the object moves through a dis- 
tance d away from the mirror, the distance from mirror becomes equal 
tod + x. Therefore the distance of the image will now be equal to 
d-^x, i.e. the image also moves through the same distance d. 

(b) When the mirror moves. — If the njirror moves through a 
distance d away from the object, the distance between the mirror and 
the object becomes “■ a? + d, and the distance between mirror and first 
position of image^aj-d. Therefore the distance between the two 
images ■■ a; + d - (a; - d) — 2d, i e. the image has moved through a distance 
2d parallel to itself. 

(2) Minimum Size of Mirror required. — (a) Show by means of a 
diagram that a man can see the whole of his person in a mirror, the 
length of which is half his own height. (C. U. 1915, '25, '29 ; Pat. 1919) 

Let MN represent the man, and E be 
the position of his eye (Fig. 26). Iiet mn 
be the image of the man formed by the 
mirror PQ. Both Mm fhixdNn are bisected 
by the surface of the mirror, or of the 
mirror produced. 

The man sees the image m by means 
of rays coming from M, which, after re- 
flection at P, appears to diverge from m. 
Similarly, the image n is seen on account of rays coming from N, which,, 
after reflection, appears to diverge from n. 

So, PQ is the minimum length of the mirror required to see the 
complete image mn equal to M^, 

O 

From the similar triangles fiTnn, — • ~ (1> 

mn mE 

mP mR 

Again, from the similar triangles mPB, mEM, ; 

mE mlxk 

mE^MP _ mM-mB PE BM 1 



Fifr. 26 
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From (1), 


or PQ “ mn 




MN\ 


i.e. 


PQ_ 1 

mn 2 ’ ‘ 2 

the minimum size of the mirror required is half the height of the observer. 

{b) Calculate the minimum size of a plane mirror fixed on the wall 
of a room in which an observer at the centre of the room can see the full 
imacfe of the wall behind him. • (C. U. 1929), 

Let PQ be the plane of the mirror which is fixed on the wall, and 
let ED be the observer whose eye is at E, MN being the wall behind 
the observer (Fig. 27). 

From ilT, the top point of the wall, draw jVX perpendicular on AB 
and produce it to M* making AM' ^ AM. Join M' E meeting the wall 
AB at P. Join MP. So the ray MP, from the top point M, will be 
reflected from the point P of the mirror to reach the eye. So M' is the 
image of M. Similarly, N' is the image of the lower-most point N of 
the wall. So the minimum size of the mirror required is PQ, 

Because the man ED stands 


in. the centre of the 

BD^\BN^ iBN' - 

Now in the A DEN\ 
BD**^DN\ and DE is parallel 
to .6 0 ; *60 by.' geometry 
EQ^^EN'. Similarly, EP^^EM'. 
Hence in A EM'N\ PQ^iM'N' 
i MN i.e. the minimum size 
of the mirror of the size of 
the wall. 

(3) Time taken by Light to pass 


room, 



from one point to another 


by way of Reflection is a Minimum (Fermat’s Principle) - 

PQ is an incident ray, and QB is the reflected ray at a plane surface. 
If Q' is any point 07i the refiectiny plane, show that PQ + QB is less 
than PQ-^Q'ii. {C, U, 1913), 

From P draw PN normal to the mirror and produce it to meet 

BQ produced in P'. Join P‘Q', Now P' 
being the image of P, PN^ P' N ] hence 
in the As PQN, and P'QN, PQ^P Q, 
Similarly, by taking As PNQ' and 
P'M/, we have PQ'-P'g'. 

Now P'Q' + Q'B>P'P. i.e,>P'Q+QB ) 
P0'+Q'P>PQ + 0P. ^ 

It, therefore, follows that the path 
taken by a ray in natural reflection is 
always the least. This is the principle 
of least path or the principle of least 
time. 
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Questions 

Art. 15. 

1. Distinguish between a real and a virtual image. How would you ex- 
perimentally find the position of a virtual image ? (Pak 1919, '40 ; Of. *33) 

2. Define the *image’ of an ‘object.' When is it called real and when 

virtual ? (Pat. 1932) 

Arts. 19 & 20. 

3. Given a graduated scale, a stand, a source of light and a narrow slit, 
how would you measure small deflections of a plane mirror ? (Pat. 1927) 

4. Prove that when a plane mirror is rotated through any angle the 
reflected ray is rotated through twice the angle. 

(0. U. 1927, 46 ; Dac. ’28, ’34) 

6. What is the relation between the turning of a mirror and that of a ray 
of light reflected from it ? Apply this property to the construction of the 
sextant. (C. U. 1941) 

Arts. 22 & 24. 

6. Two plane mirrors are placed at right apgles to each other, and an 
object stands between them facing their reflecting surfaces. 

Draw a diagram to show how the images are produced by the mirrors. 
Draw a second diagram to show how the light travels to an cVe looking at 
the last imago through one of the mirrors. (0. U. 1949) 

6(a). Show by a diagram (carefully drawn as large as your paper will 
allow) how many reflections of a pin you can obtain in two plane mirrors 
placed at an angle of 60^ 

7. Explain, with the help of diagrams, the formation of multiple images by 

two mirrors, (a) when they are parallel, (6) when they are inclined to each 
other at 90^ (C. U. ’19, ’39, ’47> 

8. State the chief facts relating to images formed by plane mirrors. 

A man sits in a room between two mirrors, one on the wall in front of him 
and the other on the wall behind him. An electric lamp is glowing over his 
head. Describe what he sees in the front mirror. How can he tell whether 
the mirrors are parallel ? (Pat. 1926) 

[Hintf.— He will see a number of images of the lamp, one behind the 
other. If the mirrors are parallel then the line in which the images will 
appear is perpendicular to the wall, otherwise it will be inclined]. 

9. Explain the formation of the series of images of an object placed 
between two parallel mirrors. Draw a diagram showing the pencil of rays by 
which an eye sees an image formed by one reflection at each of the mirrors. 

. Why is there a limit to the number of images visible ? (Pat. 1918) 

Art. 25. 

10. Explain how a number of images is visible when a bright object is 

held in front of a thick mirror silvered at the back. Illustrate your answer 
by a neat diagram for a given position of the eye. (Pat. 1932) 
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Art. 27. 

11. A plane mirror 2 ft. high is fixed on one wall of a room, the lower 
edge being 4 ft. 6 in. from the floor. If the opposite wall of the room is 14 ft. 
distant and 10 ft. high, draw a diagram to show from what point a man must 
look in order to see reflected in the mirror the whole height of the opposite 
wall, from floor to ceiling. 

[Hints. — Draw the diagram to scale as in Art. 27, (2)b. E will be the 
position of the observer, the dislaiice SV' : (3P-2' : QP-4'6".] 

12. A man running towards a plane mirror at the rate of 6 ft. per sec. 
approaches his image at the rate of 10 ft. per second. Explain. (C. U. 1948) 

13. A large plane mirror stands vertically at a certain distance from a 

man who views his reflection in it. Compare the rate of motion of the image 
with the rate of motion (a) of the man, when the man moves towards the 
mirror, (b) of the mirror when the mirror is moved towards the stationary 
man. (C. U. 1946) 


• CHAPTER III 
• Spherical Mirrors 

28. Definitions. — 

Spherical Mirror. — A spherical mirror is a reflecting surface so 
curved that it forms part of a hollow sphere. It may be concave or 
convex. 

Concave Mirror. — A spherical mirror is concave when the reflec- 
tion takes place at the hollow side of the sphere of which the mirror is 
a part. So the middle point of such a mirror is the farthest position 
of the mirror to an observer. ' 

Convex Mirror. — A spherical mirror is convex when the reflection 
takes place at the bulging or the raised side. Obviously when such a 
mirror is placed before the eye, its middle point will be nearest to 
the eye. 

The Pole of a mirror is the middle point of its reflecting surface. 

The Centre of Curvature (C) of a mirror (Fig. 29) is the centre 
of the sphere of which the mirror forms a part, and the radius of the 
sphere is called the radius of curvature (PC) of £he mirror. Bays 
travelling along the continuation of a radius meet the mirfor normally, 
and so after reflection they travel back along their own paths. 

The Principal Axis is a direction obtained by the line joining the 
centre of curvature and the pole of the mirror (C P, in Fig. 29). 
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Any radial line passing through the centre of curvature other than 
the principal axis is called a Secondary Axis. 

' The Principal Section of a mirror is a section taken normal to the 
mirror and passing through the principal axis. Figures 28, 29, etc., are 
all principal sections of spherical mirrors. 

The Aperture of a mirror is given by the angle subtended at the 
centre of curvature by the two extreme radii on the principal section of 
the mirror. 



(a) Concave Mirror Fig. 28 /b) Convex Mirror 

Principal Focus and Focal Length. — A pencil of rays parallel to 
the principal axis of a spherical mirror will after reflection either 
converge to \as in the case of a concave mirror^ Pig. 28(a)1 or appear to 
diverge from [as in the case of a convex mirror, Pig. 28(b)] a fixed point 
F on the axis. This fixed point F is called the principal focus of the 
mirror, and the distance of the focus F measured from the pole of the 
mirror is called the focal length {A F in Pig 28). 

29. Relation between Focal Length and Radius of Curvature. — 

The focal length of a spherical mirror, which is usually denoted by the 
letter/, is approximately half of the radius of curvature r of the mirror. 
A ray AB parallel to the principal axis PC (Fig. 29) of a spherical mirror 
will, after reflection, either actually pass through the principal focus F 
as in the case of the concave mirror [Pig. 29(a)], or appear to emerge 



(a) Copcave Mirror Fig. 29 (b) Convex Mirror 

from P, the principal focus as in the case of the convex mirror 
[Pig. 29(b)]. In both cases, BC, the radius of curvature of the spherical 
surface, is normal to the mirror at the point of incidence. 
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(i) Concave Mirror. — 

AB and PC aro parallel so, L ABC*= L BCF. 

But LABC^FBC, (2nd law of reflection) ; 

L BCF’^ L FBG ; .* . FC - FB. 

in) Convex Mirror. — 

AB and PC are parallel ; LABG^BCF. 

But LABE^ LDBEy (2nd law of reflection) ; 

LBGF^ L DBE^ L FBG, (vertically opposite angle). 

FG-^FB. 

If B is very near the pole. FB = FP, approximately in both tho 
above cases ; 

FC = FP -, i.e. Fr = i CP ■, orf’^ 

2 

That is, focal length is half the radius of curvature. 

30 (a). Rules for Si^ns — 

(i) All measurements must be made fiom the j)ole of the mhror. 

(ii) Take rupeasurements against the direction in which the incident 
light travels as po6itive,</;s&nrZ those in the same direction as the incident 
light as negative. In other words, measurements towards the source of 
light are positive ; and measurements away from the source of light are 

negative. 

{Hi) When soloing anij problem do not substitute the signs in the 
e formula unless the actual value of the quantity is given. 

30(b). For New Convention of Signs, see Art. 67 (b). — According 

to this all real distances are positive and all virtual distances are 
negative. 

31. General Formula for Spherical Mirrors. — 

(1) Concave Mirror. — Let 0 represent tho position of a lumi- 
nous point on the principal axis of a concave mirror (Fig. 30). The 
ray OP coming along the axis will be 
reflected back along PO as it is normal 
to the surface. The ray OA incident at 
A will be reflected along A1 making the 
angle of reflection CAl equal to the angle 
of incidence GAO, because AG is normal 
at il, C being the centre of curvature of 
the mirror. The intersection of these 
two rays determines the position I 
^ of the image of the point 0. 
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(1> 


Since bisaots the angle lilO, we have Considering 

AP to be small, we may write, lA — IP, and OA^OP (approx.). 

. TP^ JC 
" OP “ oc 

Let OP^u ; IP^v, and CP“r. Then, we have, from (l), 

_ r — V- ^ : or Mr + i;r“2M®. 

u u~r 

112 

Dividing by uvr throughout, we have, - + — “ - 

But, if F is the principal focus, PF"*FC, Therefore, r*2/ (where- 
the focal length). 

Hence 


( 2 > 


L+ ^ L 

V u f 

(2) Convex Mirror. — In this case, every * reflected ray from any 
point 0 on the principal axis appears to diverge from a point on the 
principal axis, so the image is virtual. In Fig. 30(a), thexay OP reflects 
back along PO, since OG is the principal axis and the incidence is 
normal. Any other ray OA reflects along AB. The two reflected 
rays seem to intersect at -I, which gives the position of the virtual' 
image formed in this case. AN is the bisector of the exterior angle- 
OAB of the triangle 7^40 ; so, 

lA IC $ 

0l“ CO’ 


Considering i4P to be small, we may write TA 
. IP „ IC 
• ‘ op” oc 


(approx). 


7P, and OA ' 
Substituting with proper signs, 


■OP 



we have 


or 


-V _ -r-(-v) 
u It + ( - r) 
r-v 
u w - r 


“ r + 1; 
u — r 

or ur •{- vr 2uv . 


Fig. 80(a) — Convex Mirror 


Dividing by uvr throughout, we have, 

V u " r ” f * 


^ Coojugate Foci — Two Jpoints on the axis of a spherical mirror are 
said to be conjugate foci when an object placed in one produces the 
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image at the other. In Fig. 30, a real object at 0 produces a real' 
image at I and the positions are interchangeable. In Fig. 30(a), a real 
object at 0 produces a virtual image at J. A virtual object at I will • 
produce a real image at 0. Such points 0 and T are called CoDjugate 
^ Foci. 

32 Rules for Tracing the Image in the case of Spherical 
Mirrors. 


(1) Drazv a ray from the top of the object parallel to the axis. This 
ray after reflection will pass through, or appear to pass from, the focus, 

(2) Draw a ray fram the top passing, or appearing to pass, 
through the centre of curvature of the mii'ror. This ray being normal 
to the mirror is reflected back along the same path. If the bottom of the 
object be not on the axis, the position of its image may be determined 
exactly as above, 

(3) The point to which any two of these reflected rays converge, 
or from which they appear to diverge, is the required image. 

{l) A ray passing thrfiiqh the principal focus, and incident on the 
mirror, loill be reflected in a direction parallel to the principal axis. 


33. Deterihination pf the Position of the Image of an Extended 
Object by a Spherical liiirror. — An extended object may be supposed 
to be consisting oi several points, and when the imago corresponding 
to each point is found, the imago of the whole object is obtained. 
When the point source is on the g 

principal axis, the image is also on ^ ^ ^ 

^t, and when it is not on the axis M ^ ^ ^ 

(as P in Fig. 3l), the imago is ^ 

obtained by the rules given above. jT"’ " 

Let AB bo the principal section of a ^ 

mirror (Fig 31 and Fig. 32) of which ^ 

A is the pole ; C the centre of curva- ^ 

i«re ; AC the principal axis, and F <)1-I«nage by a Concave Mirror 

the principal focus. Let PQ be the object perpendicular to the axis 
placed at Q beyond the centre of curvature. Draw a ray PB 

parallel to the axis which, after 
p reflection, will pass through F, 

✓ f principal focus.' Then BF is 

the reflected ray 'in Fig. 31, 
f ^ p V » j (the reflected ray in • Fig. 32, 

M being produced backwards, passes 

through F), Draw another ray 
Fig. 82 — Image by a Convex Mirror pQ through C, the centre of 

^curvature, which will be reflected back along the same path. The 


Fig. 31 — Image by a Concave Mirror 


Fig. 82 — Image by a Convex Mirror 
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point P' of intersection of the rays is the required image of P. So PQ* 
is the image of Py. where P* Q' is drawn perpendicular to AO. The size 
and position of P Q' will depend on the position of PQ with respect to 
the mirror. Following the above method of construction different 
cases may be examined. 

Note. — (f) In case when the object PQ is very long, and the mirror 
(or the lens, Art. 68) is very small, the two rays PB and PC (or any 
•one of them) may not meet the mirror. In such a case* the image 
should be obtained graphically by producing the trace of the mirror. 
It should bo remembered that the image is actually formed by a large 
number of rays proceeding from each point of the object and so it does 
not matter whether the two particular rays fall on the mirror or not. 

(n) The focal length of a concave mirror is positive. The focal 
lengtl) of a convex mirror is negative. The focus in the case of a convex 
mirror is a virtual focus. 

(Hi) Beal images are always inverted^ whilst virtual images are 
always erect. r 

34. Magnification. — The magnification (r,i) produced by a mirror 
is defined as follows. — 

Size of image 
Size of object ’ 

Here size refers to linear dimension (e.g. length or breadth or 
height) and not to area or volume. So, m gives the linear magnifica- 
tion only. 

(a) Magnification in the case of a Concave Mirror producing 
Real Image : — 

In Pig. 31, join Pi4 and P^ A. Then P^4 is the reflected ray cor- 
responding to PA, since P' is the image of P. A^J is the normal at 
A. The two triangles PAQ and P^AQ' are equiangular and, therefore, 
similar. So, 

PQ QA u ' 

Since, P9 inverted with respect to PQ, it may be mathematically 
represented by giving a negative sign before P'Q'. 

Size of image P'Q* v 

m^* =s — ^ 

Size of object PQ u 

Thus, for a concave mirror producing real image, m* - 

u 



lilQHT 


(b) Magnification in the case of a Concave Mirror, or a Convex. 
Mirror, protfucing Virtual Image. — . 


• V ' 





. — - I 



F Gl' A. 



Fig. 8‘2(a) 

In Fig, 32(a). a concave mirror (left) and a convex mirror (right) 
liavo been shown to produce virtual image. Since P' is the image of 
P, the ray PA reflected ac .4 as AE will pass, when the produced back- 
wards, through P . From the tw'o similar triangles, PAQ and P' AQ\ 

P'O' c- 

PQ H ■ 

^ Size of image P'Q' ^ _ r 

Size of object PQ u ‘ 

, Thus, for the virtual images produced by a concave or a convex, 
mirror also, ?» =■ - 

[N B Remember that in solving a problem, m is to be treated ^.as 
positive when the image is virtual and negative when image is real, 
since virtual images are always erect and real images always inverted..! 

Expression of Magnification in Various Ways. — 

We may also find expessions for the magnification m in terms of 

n, r, /, and r as follows : — (a) we have, — + ^ = ! . 

V n f 


V V • 

Multiplying each term by v, we have, 1 + ^^ *■ ^ . 

— i -r;o” 


... (i> 
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‘(b) Also, by multiplying each term of the general equation by u, we get 


+ 1 


— 


/ ■ 


or 




.( / ) 

V u-f / 


m- 


u-f 


(c) Again, taking the equation, 
we have, 


1 

u 


+ ^ -I 


V 

u 


1 _ 


1 


r - v 

u-r 

V 

r 

r 

- 

u * 

or 

vr 

ur 

vr 

ur 

r-v 

u - r 

1 

or m* 

V 

u « 

\u-r/ 


( 2 ) 

(3) 

(4) 


(5) 


m « - 


V 

u 


rj^j) 

u-r 


.. ( 6 ) 


Plane Mirror. — The same equation for magnification has been 
obtained for both concave and convex mirrors. It should also hold 
for a plane mirror, which is only a spherical mirror of infinite 
radius {r). So the equation in the case of a plane mirror 

becomes, ^ ^ * - "0, and so in this case v w ; 

0 u r oc • 


u 

That is, the size of the image in a plane mirror is equal to the size 
of the object, and that the image is virtual, i.e, formed on the other 
side of the mirror. 

35. Complete Description of an Image. — For the complete des- 
cription of an image the following points are necessary — 

(a) Its distance from the mirror : (b) whether erect or inverted : 
(o) whether real or virtual : {d) its magnification. 

(1) Remember the signs of u, v, and f— 

u ... ... -^always 

V ... ... for real image 

^ for virtual image 

f ... ... f -^for concave mirror 

\ ^ for convex mirror , 


[See also Art. 67(b)] 
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36. Spberieal ^ Aberration (Caastic Curve)— All the rays 
parallel to the principal axis of a concave spherical mirror will meet at 
a point, called the principal focus, after reflection, when only a small 
portion of the surface is used as a mirror, i,e, only when the aperture 
of the mirror is small ; otherwise the rays will 
fail to converge to a point. This failure of the 
mirror (or a lens, as the case may be. Art. 72) to 
bring the light rays to a point-focus is called 
spherical aberration. 

It will be seen that wHen a large portion of a 
mirror is used, i,e. for a mirror of wide aperture, 
the reflected rays do not pass through F, the 
focus, unless they are incident near about the Fig. 33 — Caustic Curve 
pole. As the aperture increases, the reflected 

rays cut the principal axis at points which are decidedly inside of F 
(see Fig. 33). The curve drawn tangentially to the reflected rays are 
called a caustic curve (Big. 33). 

The caustic curve is well seen when sunlight is allowed to fall on 
the side of a cpp nearly filled with milk. 

The spherical aberration may be remedied by diminishing the 
aperture by covering the outside margin with black paper so that the 
reflection takes place only near about the pole. Such a covering is 
called a htop or diaphragm. 

The spherical aberration may, however, be avoided by using a 
parabolic mirror, where all the rays after reflection pass through the 
focus (see Art 40). 

37. Nature, Position, and Size of the Image in Spherical 
Mirrors. — The nature, position, and size of the image formed by a 
mirror depend on the position of the object with respect to the mifror. 

(1) Typical cases are explained by the following diagrams 
drawn according to the rules stated in Art. 32. 



(a) Concave Mirror. — 

(%) Object at Tnfimty — Bays from any point of the object at an 



Fig. 84 — Object at Infinity 


infinite distance are parallel. These 
parallel rays, afuer reflection, converge 
to a point in the focal plane of the 
mirror (Fig. 34). The .image is reaU 
inverted and diminished, 

iii) Object between Infinity and the 
Centre of Curvature C . — (Sea Fig. 31). 
PQ is the object placed beyond 0. P'Q' 
is the image formed between 0 and the 


principal focus and is real, inverted, and dimished. 
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{Hi) Object at the Centre of curvature — PQ is the objeot at G 
[(Fig. 34 (a)]. A ray from P parallel to the 
axis, after reflection, passes through P, and 
another ray P'B' passing through P, after 
reflection, passes parallel to the axis. These 
two rays intersect at P\ which is the 
image of P. As all rays from Q pass Fig. 34(a)— Object at C 

through Q after reflection, so the image of Q is formed at Q, P'Q 
is thus the image of PQ, which is real and inverted : and it can be 
easily proved that PQ^^P'Q. So the image is of the same size 
the object. 



between 



Centre C and the Focus P. The ray PB 
is taken parallel to the axis and 
the other OP through 0 [Pig. 34(b;J. 
These two after reflection intersect 
at P' which is the image of P. and 
Q' is the image of Q. So the image 
is formed at P'Q' which is reaK 
inverted^ and enlarged. 


Object at Focus. — (Fig. 
{%). Two rays from P, one 



Fig. 34(b) — Object between C and P 

34(c)]. This case is the converse of case 
parallel to the axis and the other coming 
in a direction through 0, after reflection, 
become parallel and therefore meet at 
infinity. The image is real, inverted, and 
infinitely enlarged. 

(vi) Object between Focus and Mirror, 

{i.e. distance less than the focal length).— «... ^ ^ „ 

The ray PB [Pig. 34fd)], parallel to the F'K- 34(c)-Object at P 

B.xis, passes through P after reflection, and the other ray incident on the 

mirror and coming in a direction 
through C retraces its path after reflec- 
tion and passes through C. The rays 
form a divergent pencil and will meet- 
at P behind the mirror, when produced 
backwards, which is the virtual image 
of P. The image P'Q' in this case is 
virtual, erect, and magnified. 



(b) Convex Mirror. — This case is given in Fig. 32, where it has 
been found that the image P'Q' is virtual, erect, and diminished, and 
it will be found also that for all positions of the object, the image is 
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virtual, erect, and diminished. As the object PQ is brought from 
infinity towards the pole A, the image P*Q' increases from a point 
size to a size almost equal to PQ. 

Remember that in the case of the concave mirror, when the 
object is at infinity, the image is formed at the focus F, and as the 
object moves from infinity to the centre of curvature C, the image moves 
from the focus to the centre of curvature C, being always real, inverted, 
and smaller than the object, gradually increasing in size. When the 
object is at 0, the innage is at O, being real, inverted and of the same 
size. As the object moves from G towards F, the image sets out from 
C to infinity, being always real, inverted, and enlarged ; and when the 
object is at F, the image is at infinity. As the object moves from F 
towards the pole of the mirror, the image moves from infinity, appears 
behind the mirror and approaches the pole, being always virtual, 
erect, and enlarged, and gradually diminishing in size. When the 
object is at the pole, the image is also at the pole, being virtual, erect 
and of the same size. 


'(2) Summary of Regults.- 


Figures 

for 

Mirrors 

1 

1 Position of 

1 Object 

Position of 
linage 

Nature of 
Image 

Size 

Concave 
Fig. 34 

1 

1 

1 oe 

i F 

Real, inverted 

Diminished 

Fig. 31 

1 

1 Between 

1 and C 

1 

1 Between F 
and 0 

»» j» 

” 

Fig. 34(a) 

c 

1 

c 


Same size 

Fig. 34(b) 

1 

! Between C 

1 and J<' 

Between C 

: and 

! 

1 

! 

Enlarged 

Fig. 34(c) 

At F i 

1 

1 or. ! 

‘ 

»» n 

*> 

Fig. 34(d) 

Between F 

and pole ! 

1 

Behind the 
mirror 

Virtual, erect 


_-J 

Pole 

Pole 

if 

Same size 

Convex 

oc 

F 

Virtual, erect 

DizUinished 

Fig. 32 

Between 
pole and «= 

Between F 
and pole 

»i »» 

»» 


4(11) 
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(S) Verifleation from the Formnia — (a) The positions of the 
image formed by a eoncave mirror may be obtained from the formula 
as follows : — 

J a 

(t) Object at infinite distance ; here m ■= '* ; — — 0. 

u 


.. J 1. 

V U f V f 

'• v“/i i-c. image at focus. 

(ti) Object between and centre G. Here u>^f and . 


Prom the general formula (Art. 31), — 


> " and < ~ . 

V 2/ f 


v< 2/ and /, i.e. image between F and C. 
iiii) Object at C. Here 2/. 


or 


L 

V 


1 

7 


1 

2 / 


1 

'2/ 


; v"r, i.e, image at G. 

r '- 


(iv) Object between G and F. Here u'> f and <2/. 

JL<-i 1 . V A = 

u f 2/ V f n 

... > ^ and < - - . t.e. ->0 and ; 

V f f f 2f V 2/ 

u < * and >2/, i.e. image between C and « . 

M Object at F, Herein®*/. = V" T “0i 

vff 

i.e, V , i.e, image at « . 


(vO Object between F and pole, i.e, mirror. 


1 

V 



i.<?. is negative. /. 

u V 


behind the mirror. 


Here w</. 

V is negative. Image is 


Note. — It should be noted carefully that in order to obtain a sharp 
image with any spherical mirror, only a small part of the sphere of 
which the mirror forms a part (i el mirrors with small apertures) 
must be used. For, by using more of the mirror surface, all rays 
X)arallel to its principal axis, after reflection, will not pass through a 
single point focus and no sharp image is possible (see Art. 36). 

(b) Case of Plane Mirror. — If the radius of curvature of a sphe- 
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rical surface becomes infinity, then the surface may be taken to be 
a plane surface. So, by putting r - « in eq. (2), Art. 31, we get, 


1 



1 

u 


or V"" -w 


i.e. the image is formed on the side of the mirror opposite to the object 
at a distance equal to the object distance u. 


(c) Case of Convex Mirror. — 


Here - + - since /for a convex mirror is negative; 

V u j 

i.e. ~ V " ^ . Therefore, for all values of 76 , v is nega- 

V ' f u 


tive, i,e. the image is always virtual. 

(i) When v = -/. That is, the image is at the focus. 

• (n) When u> 0 , i.e. the object lies anywhere between 

infinity and pole, v<~~Jk 

Thus, the image formed by a convex mirror lies between focus and 
pole. It is always virtual, erect, and diminished. 

38. Conjugate Foci with the Principal focus as the Origin 
(Newton's Formula). — The equation (2), Art. 31, can bo written in 
the following way. — 

— or uv — uf + vf; 

V u 


or uv-uf-vf+f^^f^ or u{v-f)-f(v-f)—p ] 
or ... ... (1) 

So, if the distance of the object and its image due to a spherical 
mirror are measured from the principal focus, and are represented by 
X and y respectively, then and y^{v-f) ; so the equation 

(1) becomes, xy = f® ... ... ... ... (3) 

Here*/® is always positive, whether / is positive or negative, so 
X and y must be of the same sign, i.e. they are on the same side of the 
principal focus. 

39. Experimental Method of finding the Radiys of Curvature 
(or Focal Length) of Concave and Convex Mirrors. — 


(1) Concave Mirror. 

(a) U-V Method. — Mount the mirror M on a stand S placed 
on a table (Fig. 35) and place a lighted candle A in front of 
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it SO that the middle of the dame is on the axis of the mirror. 


Inverted image C of the dame is received on the screen B 
on the same side as the object, when the object is placed at a 
distance greater than the focal length. Move the screen until the 



image is quite distinct. Measure 
the distances of the dame and 
its imago from the mirror. 
Use the equation 

_1 ^ 1 ^ 2 ^ 1 
V u r f 

to find r or /. The expt. may be 
better performed in a dark 
room on an optical bench. 

(A pin suitably mounted 


can also be used as the object 
Fig. 35 U-V method another pin may be placed 

so that it coincides with the image and there is no parallax between 
the two, i.e, the image and the second pin m*bve together on moving 
the eyes side to side. In this case no dark room is necessary). 


(b) Radius of Curvature and Focal length from Graph.— 



Plot graphs of (*) u and v (Pig. 36), and (ii) -- and -(Fig. 37). It 


is better to choose the same scale for irand v. 
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(i) From the graph of u and v, which is a rectangular hyperbola, 
we can find r ; for when each . 



On the curve the point for which v^u is that whore the line bisec- 
ting the angle between the axes outs the curve (when u and v are given 
in the same scale). 

in) Let ^ *= x and— *=?/, then the equation ^ ^ takes 

u V V u j 

the form ?/ + £C *= = a constant. This is the equation of a straight line. 

Now, from the graph of 1/w and l/i;, which is a straight lino (Fig. 37), 

we can .find / because it tuts each axis at a distance equal to ^ , for 

■when M - « , - ” = 0, and- “ \ ; or v =/. In Fig. 37, 0 A represents the 
tt •' V f 

distance for 1/d when 1/m = 0. .*• OA (or the intercept on the l/» axis) 

= 1//. Similarly the intercept on the l/ii axis is also 1//. 

iiii) Draw a graph with u along the y-axis and ulv (or 1/w) along 
the .r*axis. Since ^ ^ ^ , on multiplying every term by u we 

V u f 

have + 1 =« ; or u This is of tho form ?/ “■/+/® ; so the 

V f 

graph will be a straight line. When = 0, 

//=*/; so/ is obtained by taking the inter- 
cept on tho ^-axis, when 

N. B. Art. 77, which deals with the 
determination of focal length of a convex 
lens, may also bo read and compared in 
this context. 

(c) Parallax Method.— In experiment 
(l) above, using two pins, one as object and 
the other for location of imago, after getting 
the inverted image move the object pin in such a way that the image 
and the object become ooinoidont in position, no matter from whatever 


9 Q' 


M 


; p' 




P 0 


Q 


Fig. 88 
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position they are viewed, — that is, find the position for no parallax 
(Fig. 38). This is possible only when the object is placed at the centre 
of curvature. Hence, the distance of the object from the mirror is 
the radius of curvature of the mirror, and one half of this value will 
be the focal length. 

(2) C onvex JMirro r. 

(a) Direct Method.— -Clamp the^mirror on a stand and 
place it on a table. Take a piece of paper and draw three clear 
parallel straight lines {AB, OP, ED) about half an inch apart 

(Fig. 39). Fold the paper 
perpendicularly across the 
lines drawn and arrange 
the paper, mounted on the 
edge of a drawing board, so 
that its plane, when conti- 
nued, would pass through 
the centre of curvature of 
the mirror. The crease of 
the paper should touch the 
surface of the mirror, say, 
at 0. Adjust the board so that the image of the central line OP and 
the line itself are in one lino, ^.c. the central line forms a part of the 
principal axis of the mirror. Find the images of the other two parallel 
lines AB, ED, which represent rays parallel to the principal axis, by 
the pin method, i,e. placing two pins, say Pi, P,, on the line AB and 
locating the image by the other two pins K and if. Similarly, fix two 
pins Psi P*. on ED and locate the images by L and M, Now un- 
fold the paper, join H, K, and M, L, and produce the two lines so 
obtained to meet at F on the central line. The focal length is the 
distance of F from the point 0. 

fb) Convex Lens Method — Take a convex lens L (chapter Y) of 

focal length shorter than the 
radius of curvature of the 
convex mirror M and place it 
in front of the mirror (Fig. 40). 
Then put a pin PQ in front 
Fig. 40 of the lens at a distance grea- 

ter than the focal length of the lens, when a real image of the pin will 
be formed on the same side of the lens after being reflected back by 
the mirror. Now adjust the position of the object pin till the image* 
coincides with the object and there is no parallax between them. For 
this condition the rays of light from P, after refraction through 
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must fall normally on the mirror, when they will be reflected back along 
the same path, and this would happen when the distance MO the 
radiue of curvature of the mirror. 

Thus, after proper adjustment is made, measure the distance 
LM, keeping everything undisturbed, and then remove the mirror. 
Now take another pin and locate, by the method of parallax, the 
position 0 of the real and inverted image of PQ formed by the lens 
alone without disturbing the position of the object PQ and the lens L. 
Therefore, the radius of curvature of M 

“ (LO - LM ) " MO = 2 X focal length of M. 

Take several readings as above and take the mean value as the 
correct focal length. (This method should be read after Chapter V). 

40. Distinction between Mirrors. — A plane, a concave, or a 
convex mirror, can he distinguished from each other by the images 
formed by each. 

'(1) Plane Mirror. — A plane mirror gives an erect image of 
the same size as the Sbject situated as far behind the mirror as the 
object is in front. Our looking glasses are plane mirrors. A good 
looking-glass "should be of uniform thickness and have a plane 
surface. The silvennf at the back should also be good. Costly 
mirrors are, sometimes, made by silvering the front face. Ordinary 
cheap looking-glasses are neither plane nor of uniform thickness. 

If the surface is not plane, concavity or convexity of different 
amounts, though small, will be present at different parts. As a result, 
different magnification will be caused at different parts of the image 
which thus will appear distorted. 

If the thickness is non-uniform, the angle between any two reflected 
rays will not be the same as between the relevent incident rays. As a 
result, the image and the object will not look alike. 

If the silvering at the back is good, the image formed by rays reflec- 
ted at the back will be much 
more bright than the faint 
image formed by reflection 
at the front face and there 
will be no confusion resulting 
from multiple images. Due 
to defects of silvering and 
use of low quality glass, ordi- 
nary cheap mirrors give un- 
satisfactory images. pjg, 41 

(2) Concave Mirror. — A concave mirror gives a magnified^ 
errect image {virtual), if it is brought very near to the eye (Big. 41)« 
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otherwise an image is formed, if the observer (PQ) stands 

beyond the focus F of the mirror. 

A Shaving-glass is a useful form of a concave mirror. A virtual 
magnified image of the face is produced when the mirror is brought 
near it, the distance being less than the focal length. 

Sometimes surgeons, while examining the internal parts of the ear, 
nose, or throat, use a small concave mirror to throw a narrow but sharp 
beam of light into the afTeoted parts. 

Bright concave mirrors are very often used behind a source of light 
(placed at, or a little behind, the focus of the mirror) as reflectors 
in order to reflect the rays in a certain direction which would otherwise 
proceed towards the back of the source and would bo useless. Thus it 
increases the intensity of light in a certain direction. Reflectors of 
table lamp belong to this class. 


Parabolic Mirror. — In a concave parabolic mirror (Fig. 42) .all 
parallel rays after reflection from any part of the surface pass through 
the focus, and reversibly the rays from a point source at the focus 
emerge parallel after reflection. Parabolic Reflectors are used for the 
head-lights of motor-cars, tram-cars, bicycles, etc., where the source of 
of light is placed just behind the focus in order to 
produce a slighty divergent beam, which will reach 
a great distance in front. If the source of light is 
too far forward, the reflected rays cross each other 
after only a short distance in front of the reflector. 

Search Lights in steamers, ships, etc., are fitted 
with concave parabolic reflectors, and generally an 
arc lamp is placed almost at its focus and thus 
the reflected beam is thrown over a very great 
Fig. 42— Para- distance, 

bolic Reflector Convex Mirror. — A convex mirror always 

gives a virtual, diminished, erect image situated within the focal length 
(Pig. 32). 



In the case of a convex mirror, more objects around the mirror 
become visible (or, in other words, a larger field of view is obtained) 
than in the case of plane and concave mirrors. For this reason, 
a convex mirror is used (as a reflector) in motor-cars in order that 
the drivers can view the approach of vehicles from the rear. 


A plane mirror to give satisfactory results for the same purpose 
would have to be far too large to be convenient, but the advantage 
with the plane mirror is that objects seen by means of it appear in 
their correct sizes and distances. 
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Fig. 43 makes these points clear. For the convex mirror BD, the 
field of view is between the extreme rays XB and YD, For a plana 
mirror BD (shown by the dotted line) of the 
same size as the convex mirror, the field 
of view is only between AB and CD. 

It should be noted that street lights 
are provided with convex reflectors in order that 
light can be diffused over an extexided area, 
while table lamps are provided with concave 
reflectors so that the rays may converge over a 
limited area. 

(4) Cylindrical Mirrar. — This kind of mirror forms part of a 
cylinder and will act partly like a plane mirror and partly like a spheri- 
cal ipirror. Thus distorted images of a body, say tall and thin, or short 
and fat, are obtained on standing in front of such a mirror. They are 
very often used for shop- window-advertisements. 

40(a). IdeBtificaticm of Mirrors. — 


Nature of Image 

i 

Mirror 

Erect, same size as object 

Plane 

Erect, magnified 

Concave 

Inverted, magnified or diminished 

Concave 

Erect, diminished 

Convex 


41. Solution of Examples. — In solving numerical examples 
follow the rules given below. 

{a) First put down the data of the example with their proper 
signs, (h) In the general formula of mirrors, substitute the numerical 
values of u, v, etc., with their proper signs, and do not change the signs 
of any of the distances luhose numerical values are not given. Then 
solve the equation and draio the conclusion from the sign of the distance 
or magnification, as the case may be. 

Conclusion. — ii) The positive sign of the focal length (or radius 
of curvature) will mean that the mtrroi' is concave, while the negative 
sign will mean that the mirror is convex. 

( ii) If the value of m is negative, the image is real and inverted 
and is formed in front of the mirror, and if m is positive, the image is 
erect and virtual and is formed behind the mirror. 
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Esamples. — 1, A pin 3 cms, long is placed with its middle point at a distance 
pf J'6 metres from a concave spherical mirror whose radius of curvature is 50 cms. 
Find the position and the size of the image formed. ^ (C. U. l925y 

112 

1‘6 metres = 150 cms. For a concave mirror, we have — + — . 

V u r 

112 1 

; whence V = 30 cms. 

V 160 60 25 

• The image is a distance of 30 cms. in front of the mirror. 


. size of image 

Again, y- . “ . ■ 

size of object 


30 

160 


1 

5 ■ 


Size of image ** 3 x J cm. •* O'Bcm. 


2. The sun subtends an angle of half a degree at the pole of a concave mirror 
which has a radius of curvature of 16 metres. Find the size of the image of the sun 
formed by the concave mirrdr, , (Pat. V‘43) 


Here, 

» (7‘6 X 100) cms 


distance of sun, v^ 
1® 


•V. We have : 


Again, angle in radians = — - 
radius 


■image distance ; f—15l2 — T5 metres 

diameter of sun n 


But 


distance of sun 360 

diam eter of image v distance of image^ 7’6xlOO 


diameter of sun 
diam^er oMmage 
7'6 ”x106 


distance of sun 
^ diameter of sun ^ ir 
distance of sun 360 


distance of sun 


TV ^ * • 7*5x100x22 

Diameter of image = *=6 46 cms. 

ooU X 7 


3. How far from a concave mirror of radius 2 ft. would you place the object to ■ 
get an image magnified 3 times f Would the image be real or virtual ? (All. 1932) • 


Here, magnification = vju ■= 3 ; or v = 3i4 ; r - 2 
(i) If the image is real and inverted, 


V u 


2 

r 


, We have - + 
du 


1.2 = 
u 2 


4 

3u 


1 . 


or J ft. and v“3 x ^■■4 ft. In this case the image is real and inverted. 


(a) If the image be virtual, then v is negative ; thus we have, 

11*2 112 2 

+ * — ; or - — ——I ; whence fi— --ft. 

V • u r 8u u 2 8 

In this case the image is virtual and erect. 


4, A convex and a concave mirror of radii 10 cms. each are placed fojcing each 
other and 15 cms. apart. An object is placed midway between them. Find the position 
of the final image if the reflection first takes place in the concave and then in the con~ 
vex mirror. (Pat. 1928, '30y 
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As the object is placed midway between the mirrors, the object distance in 
the first case cms. ; r—10 cms. ; ? We have, 

r 1 a- ^ 2 1 a. 1 2 1 , ‘ 

JT — + — *" ; t.e. ' + 1 li* v whence v* +16 cm. 

V u r V V" ^0 5 


That is, the image is formed on the pole of the convex mirror and hence 
the final image is also formed on the pole of the convex mirror. The final 
image will be virtual, inverted and of the same size as the image formed by 
the concave mirror. 


6. An object is placed 18 cms. away from a concave mirror whose focal length 
is 10 cms. ; find the position and the size of the image ^ if the object be 4 mms. broad 
by 12 mms. long. (Pat. 1928) 

Here, 18 cms. ; /** 10 cms. ; ? 

We have, “ + A whence 22 ’6 cms. 

r 18 10 

> 45 5 

Magnification ■■ - +18= ^ Length of the object* ■1’2 cms., and 

i 2 - 4 

breadth = 0'4 cm. Length of the image* 1'2 x J 1‘5 cms. 

Breadth of the image 0‘4+J*0'6 cm. 

• Size of the image* (1’5 cm. x 0*5 cm.). = 0’75 sq. cms. 


(5. The image of a gas-dame standing at a distance of 6 ft. from the screen should 
be magnified three times. Where would you hold the mirror and what sort of mirror 
you would require ? 

Let X ft. be the distance of the mirror from the gas-flame< then the distance 
«f the mirror from the screen is (6 + x) ft. Here w * a? ft. ; v = (6 + «) ft. 

Because the image is three times the size of the object, we have 
6+ a; 

*3 ; whence a;* 8. Then 3 ft. ; ®* 3 + 6* 9 ft. 


Hence“;^ + 


/ 


; whence 


/* +2*25 


The positive sign shows that the mirror is a concave one of 2*25 ft. focal' 
length and it should be held 9 ft. from the screen or 3 ft. from the gas-flame. 
(No real image is possible for a convex mirror). 


7. A convex lens of focal length 24 cms. is placed 12 cms. in front of a convex 
mirror. It is found that when a pin is placed 36 cms. in front of the lens, it coincidea 
with its own inverted image formed by the lens and the mirror. Find the focal length 
of the mirror. (Pat. 1944)- 


(See Fig. 40 and read the experiment carefully). In the absence of the 
mirror the image of P by the lens would form at 0. We have, 

i -1— ^ 

^ i; * 86 " “ 24 

‘ Or LO--72. MO* -(72-12)= -60 = 2/. /--SO cms. 


whence v - — 72 : 
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Qoestions 

' Art. 31. 

ft 

1. An object is placed 28 crn^. from a concave rnirrot whose focal length 

is 10 cins. ; find where the image is. Is it real or virtual ? (C. U. 1926) 

2. An object 1 cm. high is placed at a distance of 20 cms. from a concave 
mirror, and the image is found to be 2 cms. in height and is real. Find the 
focal length of the mirror. Where must the object bo placed in order to give 
a virtual image 2 cms. high ? 

[A7}!i : 13j- cms. : 6^ cms. from pole] . 

3. A object 3 cms. in height is placed perpendicular to the axis of a 
•concave mirror of 10 cms. focal length and 4 cms. from the mirror. Show 
where the image is formed. If an observer’s eye is 25 cms. from the mirror, 
what is the least diameter of the mirror necessary for the whole image to be 
•visible at once ? 

[Ann : — 6^ cms. : 3|5 cms.] 

3(a). Explain “Conjugate Foci'’ as applied W a concave mirror. Describe 
a method of determining the focal length of a concave mirror by hnding the 
distances of the conjugate foci. If these distances arc 5" and 10 , calculate 
the focal length. (C* 1948) 

[Ana : 10/3 inches.] 

Art. 37. 

4. You are required to form an enlarged real image of a certain object. 
How will you obtain it, if the rays are not allowed to suffer refraction. 

(Pat. 1922), 

5. Draw diagram to illustrate the formation of (i) real images, (ii) virtual 

immages by a concave mirror, (Dac. 1929) 

6. Explain by means of diagrams, how the position and size of the image 
vary with the position of an object for a convex spherical mirror. (C. U. 1922) 

7. Distinguish between real and virtual images. Explain and illustrate by 

sketches the formation of each kind of image in a concave mirror. Explain 
why only virtual images are formed in convex mirrors. (C. U. 1922) 

8. A concave mirror of focal length of 8 cms. is made to approach a rod of 

length 4 cms. placed perpendicularly to the axis of the mirror. Show by meons 
of typical diagrams on a squared paper the changes in the nature and size 
of the image. (C. U. 1913, ’18) 

9. An object is at a distance of 10 cms. from a mirror, and the image of the 
object is at a distance of 30 cms. from the mirror on the same side as the 
■object. Is the mirror concave or convex ? What is its focal length ? 

(G. U. 1920) 

[Hints. — Since the object and the imago lie on the same side of the mirror, . 
?the mirror is a concave one]. [Ana : f^T5 cms.] 
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10. Describe the appearance and position of the image produced by a' 
concave mirror as the object moves from infinity towards the mirror. 

(All. 1932 ; C/. C. U. *33 ; Pat. ’37> 

11. Show from the formula the variation of the position and the nature 
of the image when a real object is moved from a great distance up to the 

r mirror. (C. U. 1940) 

12. Explain by giving diagrams how a concave mirror can give images of 

the same linear dimensions when the object is placed at two diiTcrent distances 
from the mirror. (Pat. 1929)- 

Art. 38. 

13. X and y are the distances of an object and its image from the focus 

of a spherical mirror. Show that where /is the focal length of the 

mirror. 


y 


An image produced by a convex mirror is l/tith of the size of the object ; 
prove that .the latter must be at a distance (n — 1) f from the mirror. 

(Pat. 1989) 


[See Art. 38, and Art. 34, cq. (4), 


where m — - 


1 ^ / 
n H+/ 


(■/ 


/is — vc ) ; or 


deduce from the general ccpiation taking v and / both negative]. 

Art. 39. (b). 

14. Plot on a graph tlio following values of the distances of object and 
image for a given concave mirror : — 
u..,250, 200, 150, 120, 100, 80, 70 cms. 

'u...60’9, 65'2, 73'2, 84, 96'5, 127'5, 166’5 eras. 


State and explain how from this graph you will determine the focal Icngth- 
the mirror. Find from the graph, or otherwise, the distance of the object 
from the mirror for which a real image, magnified 1*5 times, will be produced. 

(Pat. 1938) 


(Read the case of convex lens from Art. 77). 

Art. 40 


15. You are asked to decide whether a given mirror is convex or concave 
without touching it. What method would you adopt to ascertain this ? 

(Pat. 1924 ; All. 1918 ; Dac. ’27 ; C. U. 1941.) 

16. The driver of a motor car is supplied with a convex mirror in order 

that he may see the roadway behind him. Explain how he is able to do this. 
Will a plane mirror serve the purpose equally well ? (Pat. 1933) 

17. Explain why the reflection of objects seen in a cheap looking-glass 

gives distorted images ? (Pat. 1932 ; cf. Dac. ’27 ; C. U. ’29)* 
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Refraction of Light 


42. Refraction. — When a ray of light travels in the same homo- 
geneous medium, it travels straight ; but when it passes from one 

medium to another of different density, it will 
iK. I suffer change of direction at the surface of 

X. I separation between the two media and is said 

, MSDIOM I ^ to he refracted, except when the ray is 

o}^ MEDIUM f normally incident. If the second medium 

^ be denser than the first, the ray is bent 

I \ towards the normal, and if rarer than 

^ the first, the ray is bent away from the 

normal. This phenomenon is known as refrac- 
Fig. 44 tion. The path of the ray in the first medi- 
um is called the incident ray, and that in the second medium is called 

the refracted ray. In Fig. 44, AO is the incident ray, OB is the 

corresponding refracted ray, and, because the second medium (glass) is 
denser than the first medium (air), the refracted ray OB is bent 
towards the normal PPi. 


Historical, — The discovery of the law of refraction is rather interesting. 
The famous astronomer Ptolemy had some idea of it, but ho did not discover 
the law. The experiment of coin and water described in Art. 60 (Fig. 61) 
had been known to the ancients. Ptolemy measured the angle of refractio r 
for different angles of incidence, the rays coming from water to air, from water 
to glass, and from glass to air, but he did not discover either the cause of the 
phenomenon or establish the law. In the ninth century, the Arab Alhazen made 
experiments on refraction and in the sixteenth century Yitello, a Polish philo- 
sopher, also made experiments, working from the results of which, the famous 
astronomer, Kepler, obtained a formula for calculating the angle of refraction. 
Then Snell, professor of mathematics at Leyden, discovered the law of refrac- 
tion in 1621, but he died in 1626 at the age of thirty-five, without publishing 
his results. After eleven years the mathematician Descartes, who might have 
seen Snell’s manuscript, published the law and claimed the discovery as 
his own. 


Laws of Refraction : — 


1. The irCcident ray, the refroLcted ray, and the normal to the refrac- 
ting surface at the point of incidence all lie in one plane, 

2. The sine of the angle of incidence hears to the sine of the angle 
of refraction a constant ratio for the same two media for the same colour 
of light. 
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This second law was formulated by Snell, and is known as 
'Snell's Law, or simply the Law of Sines. 

43 Refractive index. — When a ray of light passes from a medium, 
(a) into another medium (6), the ratio of the sine of the angle of inoi- 
^dence (i) to the sine of the angle of refraction (r) is a constant whose 
value depends on the colour of light. This constant is called the refrac- 
tive index of medium (b) relative to the medium (a) and is represented by 

a h or (V’ is pronounced mw). That is, 

^ sin r 

When the first medium (a) is vacuum, i.e the rav travels from 
vacuum into the medium (6), the value of the constant is maximum, 
and is called the absolute index of refraction of the medium (6). 


m 


44. Verification of the Laws of Refraction ; — 

(i) Pin method. — Place a rectangular glass slab AB CD on 
a sheet of paper fixed on a drawing board and draw its outline by 
a pencil [Fig 41 (a)J. Fix. a pin P 
into Ihe paper in contact with face 
AB. Fix another pin Pi A a short 
distance from the slab so that the 
direction Pi P is oblique to AB. 

On looking at these phis through 
the slab from the side of the face 
DC, two other pins are fixed, 
in contact with the slab and Q at 
some distance, so that the four 
*pins appear to be in the same 
straight line. ^ 

Remove the slab and join PiP, 

•QQi and P^i.Then PiP represents 
the mczdent ray, andPQx the refrac- . 

ted ray. Draw NPN i normal at P ' 

to the face AB. The angles PiPN 

and QiPNi_ are the angles of incidence and refraction respectively. 
With centre P and any convenient radius, lessor in length than the 
refracted ray PQi, draw a circle cutting PPi at and PQi at Mi. 
From jBi and Mi draw perpendiculars, BiB and MiM on NPN±. 
l^ow denoting the angle PiPN by i and Q^PM by r, we have, 

sini- sin r- and (being, radii of 

the same circle) 

. sir^z B-iB /PBx ^ B^B 
‘ ’ sin r " MxMlPMx MiM ’ 


and PBx-PMx (being, radii 
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Measuring and carefully with a scale, the ratio can be 
determined which will be about 1*5. Similarly, considering other inci- 
dent rays (like P'P) and corresponding refracted rays (like PQ), the 
above ratio can be determined. p 

This ratio, for the different incident rays, will be found to be the 
same. The constancy of this ratio {refractive index) proves SnelVs 
Law (second law). 

To prove the first law, fix the pins P so that they have the 
same height above the paper, and fix other two pins Qi, Q such that 
the four pins are in the same straight line and also the heads of all 
the pins may appear coincident. Now, on measurement, the pins 
Qi I Q will he found to bo of the same height as those at Pi and P. 
So it shows that a ray of light passing through the heads of the first 
two pins (Pi, P) passes after refraction through the heads of the other 
two pins (Qi, Q). Hence the incident and the refracted rays lie in 
the same horizontal plane, and, the refracting face of the slab ABGD' 
being vertical, the normal at the point of Incidence also lies in the 
same horizontal plane. 


Thus the First Law is proved as the traces of the incident ray, 
the normal and the refracted ray all lie in the same plane. 

(li) Hartleys Optical Disc Method. — A 

Av semi-circular glass plate GFjD is held at 

centre of the disc with its plane face 

^ along the 90*^ - 90® diameter of 

/ v\ optical disc in such a way that the 
1(7 ^ \ \ 0® — 0® diameter passes normally through 

g| I — , - N p — - — j the centre of the plate I Pig. 44(b)J. A 

III CV \ I I narrow pencil of light AO is adjusted 

VVA // through the silt in the screen (Sj to trace 

\ \ / its path along the disc and become inci- 

\ centre 0 of the plate oblique- 

r"o refracted pencil being radial, 

I I meets the curved face GED normally and 

I I passes out undeviated as ' OB. The 

angle of incidence AON and the 
Fig. 44(b) angle of refraction BONx are read off 

directly from the graduations of the circular scale on the disc. This 
angle of incidence's then changed by rotating the disc while keeping 
the screen S fixed and the corresponding angle of refraction is again 
found out. The operation is repeated for different angles of inci- 
dence. The ratio of the sine of the angle of incidence to the sine of 
the angle of refraction is found to be the same in each case. This 
proves the second law. 
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The incident ray, the normal at the point of incidence (0* - 0® 
diameter), and the refracted ray all lie on the plane of the disc, i,e,.on 
the same plane in each case. This proves the first law. 

45. Cause of Refraction — The bending of a ray of light entering 
a different medium where the velocity of light is different is known as 
refraction. Since a ray of light is refracted towards the normal 
when it passes from air to glass, ne. from a rarer medium to a 
denser one, it follows, according to the wave theory of light (see Ch. 
VIII) that the velocity of light is loss in a denser medium than in 
a rarer one, and it is shown that the refractive index of a medium is 
inversely proportional to the velocity of light in that medium. Thus, 


air ^ glass ■ 


velocity of light i n air 
velocity of light in glass 
riment that the above result is true. 


It has been proved by expe- 


. So. the absolute refractive index of any medium, say glass, is 
given by, • 

velocity of light in vacuo 
vac. g fiss velocity of light in glass 

45(a). Path of the Refracted Ray by Geometrical construction. — 

Suppose tlie refractive index for any two media a and h is known. 

Given p!(j. It is required to find the direction of the refracted 

ray in the second medium. 

Lot AB be the surface separating the two media, and P,P be any 
ray incident at P on the surface [Fig. 44(a) i. 

From FA and PB cut off FK and PL equal to y; and 7 units 
respectively. From K drop a perpendicular /iPi, cutting P,P at Pi. 
With centre P and radius PPi draw a circle. From L drop a per- 
pendicular LMi to cut the circle at Mx- Then PM^ is the refracted 
ray. Drop and perpendiculars on the normal at P. We have, 


, PK ll,n BJi 

M,M- PR, 


]\UM 

PMx 


(■.• PPi 


PM^ being radii of 


the same circle) = = 


sin P^PN 
sin MiPM 


sin i 
sin r' 


Hence PM^ is the refracted ray 


corresponding to the incident ray PiP. 

45(b). Path of light is Reversible. — 

It can be shown by experiment that if a ray i¥iP [Fig. 44(a)] is 
taken in the second medium, it will, after refraction, proceed along 
PPi in the first medium. So the path of a ray is reversible. 

5 (II) 
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So, iE ^ denotes the index of refraction of the medium h with 
reijpeot to the medium a, and that of a with respect to b, we have, 


sin i 
sin r 


|/, and 


sin r , 
— r-iM 
sin t 



Hence, if the medium a be air and b bo glass, and if /i represents 
the refractive index of glass with respect to air, the rofractive index 
of air with respect to glass is given by 1///. Thus the refractive index 
from air to glass is f and that from glass to air is f. 

46. Refraction through a Parallel Plate. — Let AB, DC be the 

parallel faces of a glass plate and let OP 
be a ray incident at the point P making 
an angle i with the normal, and PQ the 
corresponding refracted ray in glass (Fig. 
45). It is bent towards the normal 
having r as the angle of refraction. The 
ray PQ again emerges out into air in the 
direction QB bending away from the 
normal. 

Lateral Displacement — The emergent ray QB is parallel to 
the incident ray OP, and it is not deviated by the parallel-sided block 
of glass but only displaced, that is, moved sideways. This sideways 
shifting is known as lateral displacement ^ the magnitude of which 
{QQ* in Fig. 45) is measured by the perpendicular distance between the 
paths of incident and emergent rays. The amount of lateral displace- 
ment depends on (a) the thickness of the block, {h) the angle of inci- 
dence, and (c) the value of p, 

1 sin i iM 

We have, slnr"^ ^ ■" 

Again, for refraction at the second face, g^^a ... (2) 

“ sin i 


But 

sin r ^ 

, /sin i' 

. / /< 

■ mi 

!■/ « » ’ “ 

l/a g ... 

Sin i 

/sin r 

/ 


sin t ft 

# "a g. 

sin r 

Hence, from 

(1) and (3). ‘‘f” " - 

sin r sm r 



But the. two normals are parallel to each other as the sides AB and 
DC are parallel, so the angle r^the angle /. 

Hence sin i -* sin i' ; or ^ ; or QB is parallel to OP. 

Thus, a ray of light in passing through a parallel-faced plate emerges 
parallel to the original direction having suffered a lateral displacement 
only. 
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Normal Incidence — If the ray OP meets the surface normally, 
then and since sin 0®*0, we have, • 


0 

sin r 


(from equation 1) ; 


sinr*=0; or r — 0. 


Hence the ray passes straight ail throughout without deviation or 
any lateral displacement. 

Lateral Displacement — It is given by QQ\ But QQ' “ PQ sin QPQ' 

thickness of slab 

PQ ’ 


•“PQ sin (i-r). Again, cos r = - 


nn • f- ^ thickness of slab . / ■ \ 

•• QQ=PQ&\n (i-r)* ~ x sin{7. -r;. 

cos Y 

( sin ‘h\ 
cf. . ), and the 

Bill r) 

angle of incidence are giVen, the lateral displacement QQ* can bo found. 


47. Passage of a Ray through Several Media. — 


If, instead of two media, air and glass, 
we have got air, wat^'r, glass (.Fig. 46), and if 
the last rntdium be again air, then an incident 
ray OP, after passing through these media, 
will again emerge parallel in air as /^S, the 
surfaces of these media being supposed to bo 
parallel to one another. 



Then 


a IV 


sin i sin r 

\ w (J= . 

sin r sin 


sin / i 
sin 


ft g, 

a w'i^w (j^g rt 


sin i ^ ^ sin ri 

sin r sinrj sin 


1 (since 


• from Art. 46). 

The refractive index is generally expressed with reference to air. 


Exaxnp\c,— The index of refraction of water is and of glass Find out tJie 
index of refraction frmn water to glass. , 

We have, as in Art. 47, w^g x g^a x a^w^l ; or w^g x f x J «= K' / ■= §) 

i-e. The index of refraction from water to glass = 8. 


48. Deviation of a Refracted Ray. — The angle of deviation 
of a refracted ray is the angle between the directions of the inoident 
and refracted rays. 
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In Fig. 47 (a), the ray PO is passing from a rarer fco a denser 
mfediiim, and it will be seen that in this case fcho refracted ra?/ OQ 
/s deviated towards the normal. The angle of deviation D is P OQ 



Fig. 47 — Deviation of a Refracted Ray 


whicli is equal to {i-r). In Fig. 47 (6). wiie'^e the ray PO is passing 
from a denser to a rarer medium, the refracted ray 0^1 is deviated away 
from the normal. The angle of deviation D is P'Oy, which, in this 
case, is equal to (r - i). 

49 Familiar Illustrations of Refraction. -'The phenomenon 
of refraction explains many peculiar appearances of which six familiar 
illustrations are given below^ — 


(1) When an Object is in 



Fig. 48 Fig. 49 

a Denser Medium — In this case 


i Denser Medium and viewed from 
a Rarer Medium. — in this ease 
(Fig. 48), the rays diverging from 
the object P, which is placed in the 
denser medium, are bent away from 
the normal (i.e. made more diverging) 
when emerging into the rarer medi- 
um, and so the image P’ appears to 
an eye to be nearer than the object 
P. This explains why in reflection 
experiments xoith plane mirrors^ 
the silvering (i.e. the reflecting sur- 
face) was taken to be at two-thirds 
[Art. 53(b)l of the real thickness 
from the front side of the glass (see 
Art. 13). 

(2) When the object is in a 
Rarer Medium and viewed from 

(Fig. 49), the ray from the object P 
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after entering into the denser medium will be deviated towards the 
normal. So, to an eye, placed in the denser medium, the object P 
appears to be raised, i.n. the imago P appears to bo farther from the 
object. 

(3) Put a coin P (Fig. 50) on the bottom of an empty basin, and 
look in such a way that the 
coin is no longer visible on 
the edge of the basin. Tn ihis 
case, the rays coming from the 
coin pass just above the eye. 

Keeping the position of the 
eye fixed, pour water in the 
basin, and the coin becomes 
visible. In this' case, the rays 
from tlie coin P are bent, away 
from the normal on coming 
out of water, and to the eye 
they appear to divorgd from 
the position P\ t e. the coin 
appears to be -raised and thus becomes visible. 

(4) The same thing happens on immersing a straight rod yiBG in 
water in an oblique position. The part of the rod PO under water appears 
shortened and the rod appears bent at the surface of separation B (Pig. 
51). Prom the diagram it is clear that each point of the rod under 
water appears to he raised in proportion to its actual depth, and so the 
immersed proportion of the rod appears shorter and raised in position ; 
and til us it appears to be bent at the surface of water. 

If tlierod is immersed ver- 
tically in the water, then the 
part of it under wat^r will 
appear smaller by three-quar- 
ters of its actual length I vide 
Art. 53 (a)]. 

It will be evident from the 
above diagram that any object 
will appear to be raised more, 
when viewed, more and more 
obliquely. 

Fig. 61 

So, when standing at one side of a swimming bath, the water 
■directly under you will appear to be shallower than it really is, and 
the water at the far side will appear to be even shallower, and the 
bottom more raised up. 




Fig. 60 
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(5) Atmospheric Refraction. — Atmosphere, we all know, is less 
and less dense as its height increases above the sea-level, and it is also 
noticed that the refractive index of a substance increases with its 

density. So the refractive, index of air 
decreases upwards owing to the diminution in 
density. For this reason the rays of light pro- 
ceeding from a heavenly body, such as a star, 
cannot travel in straight lines, but are refrac- 
ted more and more towards the normal as they 
penetrate different layers of the atmosphere, 
and as an observer on the earth’s surface sees 
the heavenly body in the direction of the 
rays reaching him, the altitudes of heavenly 
bodies always appear too great, i.e.. they always 
appear higher up in the heavens than they are. Thus, an observer at 
A on the earth’s surface sees the star S in the direction (Fig. 52). 
Due to such atmospheric refraction, the sun is visible for some time 
before it rises and after it sets, i.e. when it goosi'-below the horizon. Due 
to the same reason the sun, when near the horizon, appears to he oval- 
shaped, because rays from the lower edge, which have to pass through a 
greater thickness of air than rays from the upper edge, are refracted 
more, and so the vertical diameter of the sun appears to be diminished 
in size, whereas the horizontal diameter remains unaltered. 

(6) Twinkling of Stars. — It is also caused by atmospheric re- 
fraction. Refractive index of air varies at different points of the atmos- 
phere as the convection currents continually change temperatures of 
the air and so the paths of the rays of light from a star alter from 
instant to instant. Hence the rays travelling in a given direction are 
sometimes concentrated at one point and then at another, and so 
the amount of light reaching the eyes of an observer changes con- 
tinually or appears to twinkle. Such variation in intensity is not 
appreciable in the case of planets which are nearer. 

50. Mathematical Treatment of the Effect of Refraction on 
the Position of an Object — (a) When an Object is placed in a Denser 
Medium and observed from a Rarer Medium ^ — 

Let EF [Fig. 53(a)J, be the surface of separation of two media a and 
b, b being denser of the two. Consider a ray POi coming from the point 
P in the medium b strikes the surface at Oi, very close to 0, where the 
normal PO from P to the surface EF intersects the surface. The 
ray POi emerges along O^Ai in the medium a. The emergent ray 
OxAx produced backwards ii|Lto the denser medium intersects the 
normal at Pi. Similarly, the ray PO 2 will refract along O^A^, which^ 



A 

Fig 52 
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when produced backwards, will also meet the normal PO at Pi. Henoe 

an eye receiving the rays betw^n 
Ag ,M N Af OxAi and would see the 

A. 1 j image of P at Pj, and OPi would 

Ny [ I y (Q) be the apparent depth of the object 

E JSi- Jr ^ U when the real depth is OP. 

j L Theomergent ray Oi^i makes 

^ I \ r/ I (h) I with the normal at Oi an angle 

A ' \ ‘ LPxOiN^ - Z_OPiOi 

4 M| \/ ’Ni T = /. r, the angle of refraction, and 

^ fp ^ LPOx^\ - LOPO^ - Li, the 

. angle of incidence. 


Hence, 


sin i ^ sin OPfli _ f^iPi 
sin r sin OPiO^ OiP 


* In order that the pencil of rays considered may enter the eye, Oi 
must be near 0. So,* OiPi“OPi and OiP=OP, approximately. 


Hence, 


Apparent depth 
Baal dentil 


fi. OP Real deapth , « h • r ? 

. " =-16*^, m case of r/lass. 

01\ Apparent depth 

■* 1*333 *= B. ill case of water. 

Note. — U) It is evident that the refractive index of a medium can 
bo determined by measuring the real depth and the apparent depth 
of any object in that medium when looked normally from air. 

The above principle is utilised in determining the refractive index 
of a solid or a liquid by travelliug microscropo ' see Art. 53). 

(a) The result, obtained as above, is only true for the refraction 
of nearly normal rays. For oblique pencil, the apparent position is 
altered considerably. 

50(b). Effect of Refraction in c:ise of a Plane Mirror silvered at 
the Back.—In Fig. 53(6), 


a plane mirror silvered at 
the back surface PQ has 
been shown. A ray AB 
is incident at the first sur- 
face from which very little 
of it is actually reflected. 
It refracts into the glass 
and is reflected from the 


i.r., 

2 


Fig. 5d(b) 


point of incidence 0, which lies on the silvered surface PQ, and subsequ- 
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ently emerges out as CD after suffering refraction again at the first sur- 
face. AB and CD, when produced backwards, will meet at Oi, and not 
at 0. That is, the point from which the reflection will appear to have 
taken place will be at Oi, while the actual point of reflection is O. 
From this consideration it is clear that the apparent position of the 
reflecting surface will be given by P^OxQl as shown in the figure. 


Since 


air glass 


Real thickness of glass 
Apparent thickness of glass 
= 1^, from Art. 50 (a). 


The reflecting surface will be at two-thirds of the thickness of glass. 


50(c). When an Object is placed in a Rarer Medium and 
observed from a Denser Medium.— Suppose an object P placed 
in the rarer medium a is observed from 
the denser medium h iFig. 53(c)!. The ray 
POi falling normally on the surface of separa- 
tion enters into the mediPiim h undeviated. The 
slightly oblique ray PO, incident on the sur- 
face at 0, refracts along OQ. Ijet be 

the normal at 0 to the surface of water. 

The two refracted rays produced backwards 
meet at P^. Thus Pi will be the image seen 

by the observing eye E. If a^^/;*=the refractive 
index of h relative to a, 

sin PON ^ sin OPOi 
sin QON^ sin P^ON 
_sin OPO, ^ OO JOP^^ OP^ 
sinOPiOi odxiOPi OP 
Now 0 must be very close to Ox in order that 
the pencil of rays considered above may enter into the eve. So OP and 
OPi may bo approximately be put equal to OiP and OiPi. 

OiPj^^ Apparent height 
OiP Real height 

So, the apparent height of the object above the surface OOi, as 
perceived by the observing eye will be given by. 



f*. 
a b 


That is, 


a h' 


OtPi^OiP^ a = Real height a b. 

50(d). Other Interesting Cases of Refraction.— (0 Glass is 
ordinarily transparent, but when it is powdered it appears white and 
opaque, because in that case light is reflected from the surfaces of in- 
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numerable tiny particles of glass and causes the powder appear white. 
If now water is poured over the powder, the rays are bent, or refracted, 
and little reflection takes place at the surfaces and so the glass appears 
transparent again. 

Powdered coloured glass also appears white because the colour of 
the glass is due to the light which passes through it, but in this case 
the rays of light are reflected at the surfaces before they have penetra- 
ted far into the glass and so the powder apj^ars white. The colour is 
restored by only moistening the powder, as in this case less reflection 
takes place. 

Ordinary paper becomes transparent when oil is added to it, 
because, in this case, reflection at its rough surface is reduced and 
more light is allowed to pass through the paper. 

(a) It is known that the glare of an ordinary electric bulb, where 
the light enters the eye only from the direction of tlie filament, is 
reduced by frosting, i.e. by artificially roughening the inside surface of 
the bulb by which the light from the filament is refracted in all direo- 
^tions. If, however, the outside of the bulb is roughened, much of the 
light would meet the surfaces of glass at angles greater than the critical 
angle (see Art. 51), and thus the rays would be reflected back into the 
bulb. 

(in) If a colourless transparent object like glass is placed in a 
liquid having the same refractive index as that of the solid, neither 
reflection uor refraction takes place at the surface of the object, so 
. the object remains completely invisible. An optical illusion may be 
prepared by keeping a ball of iron on a glass rod dipped in a bottle of 
glycerol (which lias got the same refractive index as that of glass), 
then the ball will appear to be floating in tbo liquid. 

(Critical Angle). — When a 
ray of light BA passes from a 
denser medium like glass or 
water into a rarer medium 
like air, it is refracted away 
from the normal, like in 
Fig. 54, and so the auc/le of 
refraction ts always qreaier 
than the anyle of incidence. If 
the angle of incidence increases 
from LBANx to LCANx, the 
angle of refraction also increa- 
ses from LNAF to LNAG \ 
and, for a certain value of the 
bangle of incidence, say, .DAN^,, the angle of refraction becomes 90^ 


51. Total Internal Reflection 



Fig. 54. 
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that is, the refracted ray AY grazes the surface of separation XY, 
This particular angle of incidence is called the Critical Angle, the 
value of which depends upon the two media and the colour of light 
used. 

If the angle of incidence be increased still further, say, to LEAN^^ 
there will not be any corresponding refracted ray. The ray AH, instead 
of emerging out into the rarer medium, air, is reflected back in the same 
medium, glass, obeying the law of reflection. The ray AH is said to 
be totally reflected and such reflection is called Total Internal Reflec- 
tion to distinguish it from all other cases of reflection. This is so 
called because here no part of the incident light is refracted but the 
incident light is wholly reflected internally. 


If C be the critical angle for the denser medium, and ^ the refrac- 
tive index of tlie denser medium with respect to the rarer one, we have 
(since here light passes from the denser medium to the rarer one), 


1 ^ s^in C 
V " sin 90" ' 


sin C = 


1 


or M'- 


1 • 

sin C 


In other words, the sine of the critical angle is equal to the 
reciprocal of the refractive index of the denser mediuih with respect to 
the rarer one. 


Thus C being known, can be calculated and vice versa. 

The value of for water is -J. So the critical angle for water is 
the angle whose sine is l/J, i.e. |, which is 48°36'. 

Critical Angle. — When a ray of light travels from a denser to a 
rarer medium %n such a ivay that the angle of refraction is the 
corresiionding angle of incidence is called the critical angle for those two 
media. It is so called because if the angle of incidence exceeds this 
angle, thei'e is no refraction and the light undergoes total internal 
reflection. 


Total Internal Reflection. — When a ray of light travelling in a den- 
ser medium is incident at the surf ace of a less dense medium such that the 
angle of incidence is greater than the critical angle for those two media, 
the ray is wholly reflected bach into the denser medium, and is said to 
he totally reflected. 

Conditions of Total Internal Reflection. — It has been said (see 
Art. 45) that the velocity of light is less in a denser medium than 
that in a rarer one, so it follows that total reflection is possible only 
when a ray of light passes from a denser medium to a rarer one where 
the velocity of light is greater. The second condition is that the angle 
of incidence must exceed the critical angle for the two media. 



LIGHT 


76 * 


52. Practical Applications of Total Reflection — 

Expts. — {i) Insert a test tube into water contained in a 
glass trough. Gradually tilt the test tube and look 
at it from above. The tube presents a brightly 
polished metallic appearance. Kays after passing 
through water and striking the surface of the tube 
at an angle greater than the critical angle for water 
and air (48*36') suffer total- reflection, which givos 
the surface a shining appearance (Fig. 55). 

Now pour water into the tube, and the shining 
appearance disappears as. in this case, the medium 
within the tube is changed into water, instead of 
air, and total reflection does no longer take place. 

{ii) Similarly a smoked metal ball, introduced 
into a beaker of water, appears silvery white as water cannot come in 
intimate contact with the surface of the ball on account of a thin film 
of air intervening between the surface of the ball and water. 



Light coming through wate*. is totally reflected at this air film. 

When collecting gases in a gas jar, the shining appearance of the 
bubbles rising in -the gas jar is due to light through the water reaching 
the surface of the bubbles at angles greater than the critical angle and 
so light is totally reflected. 

(Hi) Totally Reflecting Prism — If a parallel beam of light strikes 
normally on one of the faces forming a right angled isosceles glass 



Fig. 56 


prism, the rays pas.s undeviated through the first 
face, but, on meeting the face corresponding to the 
hypotenuse, they are totally reflected and pass 
straight through the other face (Fig. 56). The 
reason, for the total reflection is that they are inci- 
dent on the face corresponding to the hypotenuse 
at an angle of 46*, which is greater than the 
critical angle for glass and air, the value of which 
is about 42*. 


Advantages of a Totally Reflecting Prism over a Plane Mirror. — 
The prism, placed as above, acts like a plane mirror in turning the 
beam through 90*, and it has the following advantages over a metallic 
reflector or an ordinary mirror : — (a) In an ordinary plane mirror with 
silvering at the back two images may be seen, one due to reflection at 
the front glass surface and the other at the silvered surface, and the 
images are not so bright due to sharing of light between them, while 
in the prism the direction of the rays are changed with the least loss of 
I’glit and thus only one single bright image is obtained, (b) In order 
f to avoid the defect of having two images, a plane mirror may be sil- 
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vered on the front surface and it acts like a good metallic reflector, but 
both of those will easily tarnish while a prism will not tarnish. (An 
alloy consisting of 68*2 per cent, of copper and 31*8 per cent, of tin, 
however, has been prepared, the polished surface of ^which is not tar- 
nished easily in contact with air). Such glass prisms are used in the* 
periscopes of submarines by which persons inside the submarines can 
get a view of ships or other objects on tho surface of water by the 
method described in (r) below. 

(?v) Tho critical angles of many precious stones like diamond are 
small owing to their large refractive indices and the brilliancy of these 
stones is duo to this fact. For diamond the critical angle is, 

c=-8m-^(2j7)“23“53'. 

When light enters a piece of diamond or ruby at any of its cut 

faces, the light cannot come out at 
most of the other faces on account 
of the critical angle being low, and 
so it Sliders total reflection again 
and again, for which the faces look 
brilliant. 

(v) Periscope. — A prism peris- 
cope essentially consists of two 
righi-amjled glass prisms, one fixed 
at the top and the other at the 
bottom (Fig. 57), and a system of 
lenses (not shown in the figurej 
placed between the prisms serving 
as tw^o telescopes. Kays cf light 
•coming from a distant object, sa^ a ship, enter the first prism and are 
reflected downwards by total internal reflection from the hypotenuse 
face. Then after passing through the telescopes (Ch. VI), they enter 
the second prism and are reflected at right-angles in a horizontal direc- 
tion by total internal reflection again. Thus the observer sees a 
magnified image of the object from a depth (see also Art. 23). 

(vi) Erecting Prism. — The 
image of an object formed by len- 
ses as used in projection lanterns 
(see next chapter) is usually inver- 
ted, but in order that it may 
appear in the right way upon the 
screen, an erecting prism (Fig. 58) 
is placed in the path of the beam 
from the lantern. One angle of the prism is 90^ and each of the 
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other two angles is 45°. The image is made erect by total internal 
reflection from the hypotenuse face. 

53. Determination of Refractive Index ( 0. — 


^ Expt — (Solid) — (l) Take 51 drawing 
board on which a paper i-; fixed. A 
straight line MN is drawn on the paper 
and an arrow mark is given at V (Fig 59). 
A glass cube is placed on the paper 
such that one of its edges is in contact 
with the arrow-head at P. A largo 
pin S is fixed horizontally and it can 
be slided up and down. Now look 
into the block from' the top and adjust 
the position of the pin so that there 
is no parallax between tlio image of 
the pin P seen through the glass and 
^he end of the large pin seen in the 
air. Let the position of the pin bo 
at P'. Then, , 

^ _ rml thickness of olasH OP 

^ apparent thickncsfi of (jlass OP' 



Q 

Fig. 59 


(2) A travellinj. microscope EO, i.e, a microscope (E is the eye- 



piece and O the object glass) that 
can trav( 3 l up and down a vertical 
scale N, is focussed on a fine pencil 
mark on a piece of paper, and the 
reading on the vertical ’ scale S 
is noted jFig. 59(a);. A plate of glass is 
then placed on the mark, the micros- 
cope IS focussed again on the mark 
seen through the glass and the position 
dg on the scale S is noted. A little lyco- 
podium powder is then sprinkled on 
the top of the glass plate and the 
reading on the scale is again noted 
when the powder is best visible. 
Then, 

real thickness - di 


Fig. 59(a) — Travelling 


a g 


apparant thickness 


d 3 “da 


Microscope 


Liquid.— The above method may be applied ju the case of a 
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liquid by first focussing any mark on the bottom of a glass trough and 
then pouring the liquid and focussing again, and thirdly by focussing 
on the lycopodium powder sprinkled on the surface of the liquid. 

(3) Refractive index of water can be roughly determined by look 
ing down into a tall jar full of water, and marking on the outside of 



the jar the apparent position of its bottom. This 
method can be improved as follows. — 

Expt. Take a gas jar J and measure the depth 
d of the jar accurately (Fig. 60). Put a pin O in the 
jar and fill it with water up to the rim. Now place 
a piano mirror with its face upwards across the top. 
Fix a pin P in a clamp and adjust its distance so 
that there is no parallax between the image P' of 
this pin seen through the mirror and that of the 
immersed pin O as seen from above. 


Then the distance of top pin from the back of the 
mirror gives the apparemi! depth, while the depth d* 
of the jar gives the real depth. Take D to be the 
mean of several readings of the apparent depth. 


Thus 


real depth 
apparent depth 


Fig. 60 ( 4) Glass Prism ?dethod . — (See Art. 60). 

Example. — The critical angle between glass and air is 42°. Proye 
that a ray of light incident on a face of a glass 
cube suffers total reflection at the adjacent 
face, whatever may be the angle of incidence. 

(Pat. 1944) ^ 

Let ABDC be a cube. PQ is a ray inci- 
dent at Q and QN is the corresponding 
refracted ray which is reflected internally at 
N and meets the other side at 0. OB is Fig. 61 

the emergent ray. NS and TS are normals. Total reflection will 
occur when the angle gNS>42^ But L QNS^ 90" - LNQS, 
LQNS is minimum vihenLNQS is maximum. But the maximum 
possible value of LNQS is 42^ (when the angle of incidence at Q is 90^, 
Le. for a ray of grazing incidence). . ' . the minimum value of 
L QNS " 90** - 42® “ 48®, which is greater than 42®. Hence total 
reflection will occur at N for any angle of incidence at Q. 

(6) Liquid. — Refractive Index of a Liquid by Total Reflection 
Method. — When a large quantity of a liquid is available, the refractive 
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ind'PX of the liquid can be determined by making use jof the relation 
■sin C* l/,u (Art. 51), where G is the critical angle. 

Expt. — A thin film of air is enclosed between two glass plates A, B 
cemented together, as shown in Fig. 62. The plates are so mounted 



that they can be turned about a vertical axis and the angle between any 
two positions can be measured by a pointer Pt which moves over a 
a graduated circular scale M, The plates whicli are attached below 
the scale, are immersed in the liquid, say water, contained in a cubical 
trough V of glass. A beam of light from a sodium burner F proceeds 
through a silt in the screen 6' and falls normally on the plates through 
a convex lens L. The image of the silt is finally received by a telescope 
T focussed for parallel rays and placed on the other side of the trough 
and made distinct by adjusting the position of the lens L. 

The observer can see the image of the silt when the plates are 
normal to the beam of light. But, if the plates are turned, a positibn 
wdll come when the angle of incidence from liquid to air is equal to 
the critical angle, and a little further turning of the plates gives rise 
to total reflection when the image just disappears. The position of the 
pointer here is noted. The plates are now rotated in the opposite 
direction until the image of the slit just disappears again. 

The angle between the two positions of the plates, as given by the 
pointer, is twice the critical angle C for the liquid and air. The 
index of refraction of the given liquid is then given by /^“l/sin C 
(Art. 61). 


(6) Solid— Refractive Index of a Solid by Total Reflection. — 

' A piece of semi-circular plate GED of the given solid (say, glass) is 
placed at the centre of Hartle's optical disc (Fig. 63) in such a way 
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that the plane face COD lies along the 90** — 90^ rliameter and the 
0-0 diameter passes normally through tlio centra 0, as shown in the 
figure. A thin pencil of light, coming through the slit and tracing its 
path along the disc, is made to fall on the curved' edge CED. The 
pencil being radial, emerges out from the plane face COD through O 
(there being no refraction at the curved face). The disc is suitably 
rotated until the emergent rav just grams the plane face COD. The 
angle of incidence AON at tliis stage gives the critical angle G. If ^ is 
the refractive index of the solid, 

1 

sin U 

Examples. — 1 A man is lonkmg vertically downwards mto a tank filled with 
water ^ the bottom of 7 ohich appears to he at a depth of 4 ft What is the actual 
depth, the reff active index of water being 1‘33 ! {All. 1923)- 


u.. . 4 . real depth . real depth 

AVc have, air ^ water = - , , ; • • 133 = 

apparent depth 4 

Real depth = 4X 1-33 = 5‘32 ft. 

2 , A speck in the interior of a piece of platC' glass appears to an observer looking 
normally into the glass to he 2 mms, from the nearer surface • What is the real 
distance ? The index of refraction of glass may be taken as . (C. U, 1921} 


distance ? The index of refraction of glass may be taken as 7 . . (C. U, 1921} 

XTT .u _ real disbanee . .. real distance 

apparent distance 2 

Real distance of the speck from the surface = 2“3 mms. 

64. Mirage. — The mirage seen in deserts or over any flat heated 



surface is another example 
of total reflection. The 
layer of air nearest the 
earth is heated most ; it is 
thus the least dense ; and, 
in the absence of wind, 
the atmosphere may be- 
come a series of layers of 
density increasing upwards 
with the distance from the 
surface of the earth. 

In Fig. 61, a ray of 
light from a tree BA be- 
comes refracted away from 
the normal in passing from 
one layer to another layer 


Fig. 64 — Mirage in Deserts 


which is loss dense. The 
refraction is thus increased 


as the ray passes to different layers and so it travels along a curved 
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path. The angle of incidence in this way may attain a value at which 
it just exceeds the critical angle for the two layers at a layer, suppose^ 
at O, when the ray will be totally reflected (Fig. 64). The ray* 
then passes upwards, and the upward ray enters the traveller’s eye 
(at M) who sees the tree in the direction of the light last reaching 
his eye, i.e. he sees an inverted image BA^ of the tree below 
the ground. This inversion of the image produces, by the law 
of association, in the mind of the traveller an impression as 
if the image is formed by a near pool of water. This optical illusion 
is called mirage Sometimes a thirsty traveller in a desert sees a palm 
tree and its inverted imago by reflection in a pool, but on approaching 
it. the pool disappears and he thus becomes a cruel victim to this 
delusion. The quivering of objects seen over coke ovens or other very 
hot places is due to unequal refraction owing to constant change of 
density of different layers of air due to convection Currents. 

Mirage in Cold Regions. — In very cold regions, the lower layers 
of air are cooler 
and so ihti density 
of air gradually 
increases do^vn- 
wards. In this 
case, light from a 
distant object (the 
ship in Fig. 65) 
while proceeding 
) upwards is refrac- 
ted away from the 
normal, and the 
refraction increa- 
ses more and more 
in different layers 
until it is totally 
reflected. The ob- 
ject ultimately appears to the observer to be hanging inverted in the 
air as shown in Fig. 65. 

55. Upward Vision for an Eye placed under Water. — The 
greatest angle of refraction from air into water of the rays from objects 
above the surface of water is the critical angle C for water. That is, 
rays from objects making angles greater than C with the normals at 
the points of incidence will not be refracted at all and so the objects 
will not be visible. Thus an eye placed under water looking upwards 
will see external objects lying within a vertical cone of angle 2C. 
Beyond this cone the eye will see, by total internal reflection, objects 

6 (II) ^ 



Fig. 6 j — M irage in Cold Regions. 
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lying below the water surface, and the water surface outside the cone 
will thus act as a mirror. 

* An eye is •placed at a certain depth below the calm surface of wat&r. 

Show that, to the eye, the surface appeals like a reflecting plane mirror with a circu- 
lar hole through ichich objects situated outside the water can h^seen. 

Also prove that the radius of the hole is hj —1 cm., where is the refractive 
index of water and h cm. the depth at which the eye is placed. (Pat. 194:5) 

[See Art. 55]. If P be the position of eye in water and PO^ is the ray which 
after craerf?ence grazes the surface of separation, then the angle I iZPO^^j) 
in that limiting case (see Fig. 48) will be the critical angle. A ray incident at an 
angle greater than i will be totally reflected internally, and so the surface will 
appear like a circular hole of radius ()(>x. 

Here 00i = h tan i (7i= OP in Fig. 48). Hut sin i= 1/u ; or “cosec'**! 

■■cot®'A+ 1 ; or cot 1- Radius ()0^^ = hj J tr — I. 

56. Refra ction of Light thro ugh a Prisn^ — A prism is a 

portionof aTransparent medium lying between two plane faces inclined 
at an angle. 

The angle of inclination between the two refracting faces is called 
the refracting angle, or simply the angle of the prism. The edge of 
the prism is the straight line in which the refracting faces meet. Any 
section made by a plane perpendicular to the refracting faces is 
called the principal section of the prism. 

Expt. — Place a prism on a sheet of paper fixed on a drawing board 
and draw its outline ABC (Fig. 66) by means of a pencil. Fix two 

pins vertically, one at P in con- 
tact with the prism and the other 
at Q at some distance, such that 
the line joining QP will meet the 
face of the prism in an oblique 
direction. Fix two other pins at 
E and S, on the opposite side of 
the prism, so that these pins and 
the refracted images of the pins 
at P and Q appear to be in the 
same straight line when looked 
through the prism. Now remove 
the prism. Join QP, PE and ES. 
Produce QP to T and SE to meet 
QT at the point O'. Then QP represents the incident ray, PE the 
refracted ray within the prism, and ES the emergent ray. The line 
QPBS represents the complete course of the ray. Notice that at P the 
ray PE is bent towards the normal as it is passing from a rarer to 
a. denser medium, and at E the emergent ray BS, in passing from a 


A 



Fig. 66 — Refraction through 
a Prism. 



LIGHT 


83 


denser to a rarer medium, is bent away from the normal, that isi 
deviated towards the base BG of the prism. Thus a ray, in travelling 
through a prism, bends towards its thicker part. 

56 (a). Deviation of the Ray. — In the absence of any prism the 
^incident ray QP would have proceeded in the direction QPT ; so the 
ray has been turned through an angle TO Jl by the introduction of the 
prism in the path of the ray. This angle, i.e. the angle between the 
direction of incidence and the direction of emergence, is called the 
angle of deviation 

Lot i be the angle of incidence and r the corresponding angle of 
refraction at the first face (Fig Gfi) ; and let i',/ ho the angles of 
emergence and incidence respectively at the second face. Suppose the 
normal NO at P meets the normal N'O at Ji at the point (>. 

TfD = angle of deviation, and .4 = angle of the prism, we have, 
L A Pll LA TIP L A —2 rt. angles, and L A PO + /_ A RO =» 2 rt. 
angles, for each of them is a right angle. 

LOPU-^ LOIIP^ LA ] or r-fr'^A ; 

We have, 7)== /.^rO'R - L iiPH + O' HP 

== 2 - r + “ r = i + i - (r + r) -i + i' - A ... (1) 

57. Measurjement of Deviation of a Ray. — 

Expt. — Take a sheej. of paper fixed on a drawing board and draw a 
line XF almost in the middle of the paper (Fig. 67). Draw 7 or 8 linos 
such as NP, xViPi, etc., perpendicularly on the line XF (Fig. 67) a few 
inches apart from each other. Now draw 
lines such as PQ, PjQi, etc., making angles 
ii, etc., with each of tlie normals. Take the 
first angle i to be 30 ° and the other angles 
increasing by 5°, i.e. 35 °, 40°, etc., up to 60° 
or 65°. Then place the prism ABC on XF 
eo that one of its faces AB is just on the 
line and the normal NP is almost in the 
middle of AB. Draw the outline of the 
prism with a pencil. Insert a pin verti- 
cally at P along the face AB and another 
at Q, as far as possible, on the line PQ. 

Looking through the face A C fix two pins 
at B and S such that these two pins and the 
images of P and Q appear to be in the same 
straight line. Then PQ forms the incident 
and BS the corresponding emergent ray, and 
QPBS the complete course of the ray. 

Kemove the prism, draw the course of the 
jiays. Produce QP to T and SB to meet QT 'at 0. Then the angle 


Y 

A. 



Fig. 67 
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TOS is the angle of deviation D corresponding to the incident angle i. 
Measure these angles by means of a protractor. Now place the prism 
in the position and proceed in the same way to find out the 

angle of deviation corresponding to the angle of incidence h. In this 
way measure the angles of deviation corresponding to the angles of 
incidence in each case and tabulate your readings. 

It will be found that a ray. in passing through the prism, is on the 
whole deviated towards the base of prism. 

57(a). Angle of Minimum Deviation. — If a graph (Fig. 68) is drawn 
plotting the angles of incidence as abscissir 
against the corresponding angles of devia- 
tion as ordinates, called the i — D curve, it 
will be seen that the deviation at first 
diminishes with the increase of the angle 
of incidence until it attains a minimum value, 
represented by the lowest position A' of the 
curve, after which the deviation increases' again 
with further increae^ of the angle of incidence. ^ 
The value of the minimum deviation is 
represented by the ordinate A A' of the lowest 
point of the curve. 

Thus the deviation is minimum corresponding to the angle of 
incidence OA, For every prism there is stick a definite angle of 
incidence, corresponding to the angle OA in Fig. 68, for which the devia- 
tion suffered by a ray of definite colour in passing through the prism*^ 
is minimum, i.e. the deviation would be greater both when the angle 
of incidence is greater or loss than the above angle of incidence. It 
can be shown, both mathematically and experimentally, that when the 
deviation is minimum, the angle of emergence i is equal to the angle 
of incidence i, i.e. the refracted ray PIl (Fig 66) within the prism 
passes symmetrically through the prism. If the sides of the prism 
are of equal length, then in the case of minimum deviation when 
the part (PE) of the ray within the prism is parallel to the base BO of 
the prism. 

58. Determination of the Angle of Minimum Deviation.— 

(a) i — D Curve Method. — Proceed, as in Art. 57, to measure the 
deviations D* corresponding to angles of incidence beginning from 
a low value of the angle of incidence, say, 20'’, which should be increa- 
sed in steps of 6®, to say 60**. Plot on a graph paper the i — D curve, 
as in Fig. 68, with the angles of incidence i as abscissae and the 
corresponding values of deviation D as ordinates. From the lowest 
point, such as A\ of the curve, draw a perpendicular A^A on the 



Fig. 68 — i - D Curve 
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abscissa. The value of AA' measures the angle of minimum deviation 

{DJ. 

(b) Direct Method. — The angle of minimum deviation may also be' 
♦ approximately determined by keeping the pin P fixed and rotating the 

prism about P. It will be noticed that the line SB (Fig. 66) and the 
images of P, Q will appear to move a certain distance in one direction 
and, after a certain value of D is rOviched on continuing to turn the 
prism in the same direction, the images appear first to stop and then 
to turn back in the opposite direction (opposite to the direction of 
rotation), i.e. they will then retrace the path. Stop the prism just 
when the change in direction occurs and obtain the directions of che 
incident and emergent rays in that position of the prism. The 
deviation measured in that position will be the minimum deviation. 

(c) Symmetrical Method. — It should be remembered that a ray of 
light suffering minimum deviation in passing through a prism must pass 
symni,etrically through the prism, i.e, the points of incidence and emergence 

^ unit he equidistant from the edge of the prism, and the angle of inci- 
dence will be equal to the anqle of emergence : or, in other words, 
AP — AE, and i^i fFig. 66). 

Proof, — Suppose for minimum deviation the angle which is 
the angle of incidence'^orresponding to the angle of minimum devia- 
tion, is not equal to i . We know that the path of a ray of light is 
reversible, so for either of the values i or i\ ie. whether light travels 
from Q or S (Fig. 66), the deviation has tho same value. So, if 
minimum deviation occurs when the light travels from Q with the 
^angle of incidence i, it will also occur when the light travels from S 
with the angle of incidence i. Hence there will be tvro angles of 
incidence corresponding to the angle of minimum deviation which is 
contrary to experience there being only one such angle. Henc^ the 
only position for which the deviation is a minimum is that for which tho 
ray passes symmetrically through the prism, i e. for which i = i and r ■=/. 

Expt — Place a prism 
on a sheet of paper fixed 
on a drawing board and 
draw its outline ABC by 
means of a pencil (Fig. 69). 

With A as centre, and any 
convenient radius, describe 
an arc of a circle cutting 
the sides AB and AC of 
the prism at P and R 
respectively. Now place 

* the prism on its outline and fix a pin at P and another at B, both in 


A 



Fig. 69 
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contact with the prism. Then looking from the side AB fix a pin at Q, 
such that the pin Q and P and the refracted image of the pin at U 
appear to bo in the same straight line Similarly, looking from the side 
/I C, fix a pin at S, such that the pins S and U and tfie refracted images 
of the pins at P and Q api^ear to he in the same straight line. Now 
remove the prism and the pins, and draw QPJIS to represent the course 
of the ray. Produce QP and SB to meet at O. The angle TOB is the 
required angle (Dm) of minimum deviation. 

Verification. — (i) This can be verified by noting from the curve 
(Fig. 68 ) the angle of incidence corresponding to the minimum devia- 
ation and fixing two iiins on a line drawn through P making an 
angle with the normal equal to the same angle of incidence. On find- 
ing out the corresponding emergent ray JiS, it will be the seen that 
AP— A /t, and i = t. 

(ii) By graph. — Draw a i — i grapli, i e. a graph of the angles of 
emergence against the corresponding angles of incidence. This will bo a 
branch of hyperbola (like Fig. 85). Now from the i -D curve (Fig. 68 ) 
find the angle of incidence corresponding to the angle of minimum 
deviation, and from the t - 7 / curve find the corresponding angle of 
emergence for this angle of incidence. It will be found that these two 
values are equal, i.e. in the position of minimum deviation the angles 
of incidence and emergence are equal. Draw these two curves (i-D 
and i - i') on the same piece of graph paper, as taken for Fig. 68 , where 
from the lowest point A' of the D curve ( Fig. 68 ) a perpendicular 
should be dropped which will cut the z - z' curve at a point P^ 
(see Fig. 85). This point P will be equidistant from both the axes, i.e. 
for P, The line OP drawn from the origin 0 makes an angle 

of 45’’ with the axes (Fig. 85). 

59. Deviation is minimum when the angle of incidence is equal 
to the angle of emergence. 

(a) Mathematical Proof. — Applying Snell’s law at the points of 
incidence and emergence (Fig. 66 ), we have, 

sin i sill 2 ^ _ sin zjf sin t 
sin r sin r sin r + sin r 

2 - 1 . r + 7 ' r - r' 

“ 2 sin 2 cos - 2 /2 sm—g- cos -^- 


. A+D 
sm-. 



. I 

t-t 

COS—^ 

— --- - “ » y. (say), 

r "" r 
oor-g- 
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where.'/.’ and \j are both variable factors. With the change of deviation 
Z>, the value of x changes The value of y also changes w^ith changes 
ol t and i and consequently of r and r . But the product of x and 3/ 
is equal to ft and is constant. So, when ./■ is miiiimum, y must bo 
maximum. But x is minimum when tlio deviation D is minimum. 
Thus, the condition of minimum deviation is identical witJi the condi- 
tion of tlie maximum value of //. 


cos . . . / 

Mow, 7/ = — / — ,, \vheiuW“ and . 

v-r cos*/^ 12 2 

cos 2 

(a) Suppose- and conseciuontly rr'r. .Again i — — 

because rotation of the incident ray in air is greater than tlie rotation 
of the refrected ray in the denser medium. Thus If 

and consequently //<!. 


(b) Suppose ftnd consequently 7<r'. Again r, 

since rotation of the incident ray in air is greater than the rotation 
of the refracted ray in the denser medium. Ilonce 


That is, 


co.i ( — cos 0 

sss 

cos ( — '/') cos '/' 


; but 0 So, '//<!. 


(c) Suppose 7 = c. r — r\ Then 7/ » ,, 1 . 

cos 0 


From the above considerations it is clear that y is maximum when 
i — i.e. r — r ; it has smaller values both when i is greater and smaller 
than i\ So, the deviation D is also minimum when (or r=»/). 

(b) Graphical Proof. — From the relation D^i + t - A [Art^. 56 (a)], 
it is evident that the value of the angle of deviation is not changed by 
interchanging ^ and i\ i.e. the angles of incidence and emergence. This 
fact is also evident from the graph in Fig. 68 ; for a line drawn 
anywhere parallel to the .T-axis will cut the curve generally at two 
points, such as B' and G\ on the two branches of the curve, where the 
corresponding values of angles of^ incidence, OB and OC, will possess 
the same value for deviation BB* or GG\ If one of these is taken 
as the angle of incidence for a ray. the other will be the angle of 
emergence, and vice versa. This fact is shown from' the principle of 
reversibility of the path of light, for by reversing the direction of the 
ray QPRS (Fig. 66) the angle of emergence becomes the angle of 
incidence and the angle of deviation remains unchanged. 

Again, if the line B' C move parallel to itself towards the point 
A\ the points B' and C' will gradually approach each other till they 
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coincide at A! , It follows then that, when the angle of incidence is 
equal to the angle of emergence, i.c. when (for the value OA on 
the graph), the deviation (AA') is a minimum. 

59 (c). Minimum Deviation Formula. — 

Wo have, D^i + t-A. 

In the quadrilateral APOB (Fig. 66), 

LAPO= L ABO ^90" ; Z. P07^^ + .4 = 180** (1) 

But the three angles of the ^ POB are equal to 180®, i.e. LP0B + 
(r + r')= 180®. But when D is minimum, and r — r ; 

Z_ POP + 2r= 180® ... (2) 

/. From (1) and (2), A"^9r \ or r^Al9. 

Hence, if P/n denotes the angle of minimum deviation. 

Dm “ Z_T0'ii’-(i-r) + (i'-r)*i + i'“(r + r)*=2t- A (V ; r**/) 

r\ O’ A A+Dm 

Dm “ 2t - A ; or t ^ “ 


So 




sin i 
sin r 


sin 


A + D„ 


sin 



60. Determination 



Fig. 70 


of the Angle of Prism. — 

Experiments. — (1) Place a prism on a piece 
of paper fixed on a drawing board, and draw 
its outline .4 PC (Fig. 70). From A draw a 
perpendicular AD on BC. Fix a pin at P on 
DA produced at some distance from J. A ray 
PA is reflected partly from the face AB and 
partly from the face AC. Fix two pins at 
Pi, Ps such that these two, the edge of the 
prism, and the reflected image of the pin P 
appear to be in the same straight line. 
Similarly, fix two other pins Qi, Qg on the 
other side. Bemove the prism. Join APxP 2 
and AQiQg, Measure the angle Pi^lQi. 


Half of this value gives the angle of the prism. 



LIGHT 


89 


Proof '. — Produce CA to E. LCAQt"* LEAP ( AQi is the 
reflected ray for the incident ray PA on the face EAC) 

“ L DAC (vertically opposite angle). 

LDAQi-^2 LDAG. Similarly L DAP^ ^ 2 L DAB. 

P^AQ^^ LDAP, + LDAQ^ = 2LDAB + 2LDAC'-2LBAC^2LA. 

(2) Another Method — The experiment can also be done by taking 
two parallel rays, one being reflected from the face A B and the other 
from AO (Fig. 71). Draw two .long paral- 
lel straight lines DL and PM on a sheet of 
paper fixed on a drawing board and place 
the prism with the edge A almost midway 
between the two lines, and at a distance of 
about 3 or 4 inches from the upper ends 
of the lines DE and PQ. Draw the out- 
line of the prism and fix two pins at D and 
E ; and the other two pins at Cr and F, 
such that 6r, F, and the images of />, E 
appear to be in the same siraight line due 
to reflection at AB. Similarly fix two pins P ^nd Q and other two pins 
at B and B to g6t the reflected ray HUS at the lace AC. Draw the 
two reflected rays ^FG and HUS as in the last experiment. Now 
remove the prism and the pins F, G, P, S. 

It is clear from the diagram that the LDTN^ LNTG ; and the 
complements ® are equal. LGTL — 2^\ similarly LSUM’^2^'. 
JBut, 0 + 0' is the angle of the prism. If GFT and SUH are produced 
to meet at 0, then since OY and TL are parallel, L TOY^ L GTL^20. 
Similarly, LHOY^ LSIIM»2e^ \ ^ TO//*2(O + 0 2^, i. e. 

twice the angle of the prism. 

Measure L TOH by a protractor, half of which gives the angle of 
the prism. Now take the prism a little below between the two parallel 
lines and repeat the experiment. In this way take several readings 
and take the mean value as the angle of the prism. 

60(a). Determination of Refractive Index {^) of a Prism : — 

(i) Solid. — The refractive index of a solid in the form of a prism 
can be determined from the formula (3), Art. 59(c), by knowing the 
value of Dm, the minimum deviation and /I, the angle of the prism. 

{ii) Liquid. — In order to find ^ of a liquid take a hollow prism 
formed by thin parallel plates of glass and provided with a stopper. 
Fill it up with the liquid. Now determine A and Dm as usual and 
calculate Though the ray of light is refracted through the glass 
sides, both at the time of entering and leaving the liquid in the prism, 

' the angle of deviation due to the liquid prism remains the same as the 



Fig. 71 
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angle between the directions of the incident and emergent rays {e.g. 
QP and BS in Fig. 66). because the paths in air corresponding to the 
path PB in the liquid (supposing the glass sideSpOf the prism to he 
absent) are parallel to the incident and emergent rays ^QP find BS) 
respectively ; for a ray of light in passing through a parallel sided plate 
is only leterally shifted and not deviated (see Art. 46). 


61. Image Produced by a Prism. — The image of an object 
produced by a prism is sharp only when the prism is placed in the 
position of minimum deviation, where for a small change in the 
angle of incidence there is no appreciable change in the angle of 
deviation, so the rays diverging from any point, after refraction, will 

have almost tho same angular 
separation as before incidence. 
Hence, when produced back- 
wards, these rays will appear 
to meet at one point, which is 
the image of the first point. Tn . 
any other position of the prism 
the rays from tho point will bo 
Fig. 72 — Image by a Prism deviated unequally, and the 

angular separation of the rays in this case being different they will not 
appear to diverge from a single point after refraction, ft will be noticed 
from Fig. 72 that due to refraction through a prism a luminous 
object appears to be raised towards the edge when viewed from the 
other face. 



62. Deviation produced by a Prism of Small Angle. — For 

a ray falling at a small angle on a prism having a small refracting 
angle (i.c. for a thin prism) the angle of refraction is also small. 

SI tl t 

We have, D — + ; and t' . 

sin r 

But, for small angles, tho angles can be substituted for their 
sines. or Similarly « //r'. 

D^fi{r-¥r)-A^luA-‘A^A (//-I). 

Since (li-l) is a constant, we see that the deviation produced 
by a very thin prism depends upon the angle of the prism 
and not on the angle of incidence, 

63. Limiting Angle of a Prism — It is evident from the equa- 
tion Aifi- 1), that when ^ *0, Dis also zero, i.e. when the sides of 
the prism are parallel, or, in other words, the prism turns into a piece 
of parallel-sided glass there is no deviation, and it has also been shown 
that for a prism of small angle deviation does not depend on the angle 
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of incidence, but for a large prism, i.e, for a prism of large angle, devia- 
tion depends on the angle of incidence. Now when the value of A 
increases, a ray QP will be refracted in the direction PRS (Fig. 66).' 
♦ But there is a certain value of A for a prism of every substance, for 
greater values than which no ray can emerge out of the prism. This 
angle of the prism is twin* the critical angle for the substance. If the 
prism has so large an angle that a ray incident on the first face at 90°, 
i.e. a ray of grazing incidence, strikes the second face of the prism at 
the critical angle, then a grazing emergent ray is possible. 

For this limiting angle of the prism, both r and / equal C, the 
critical angle ; and .1 r + r = C’ + C = 2C, and the prism is also in the 
position of minimum deviation. For a prism of angle greater than this, 
the ray will be totally reflected and no transmission is possible. 

Hence r (or 0 = and sin r (or l.V^' (Art. 51). sin .4/2 •l/^. 

Fjar glass, ^ *1*5, critical angle C = 4l° 5(/, so the limiting value of 
^ A is 83° 40'. So for angles greater than this, no ray can pass through 
a prism of glass. 


[It can also* be shown thus : — For a grazing emermerit ray i'“90°, 
for which the maximum value of i=*90°. We have. 




sin t _ Rin 
sin r sin r 


; (but 90°) ; 


sin r = sin / = 1/*^ “sin C, the critical angle for the material of 
•the prism. 


r = / * 0 ; Hence A —r + r = 2C I 


Examples — /. The index of refraction of an equilateral priam U >^'1. If the 
angle of incidence of a ray of light on one of the faces of the piism is cilculate 
the angle of emergence and the deviation of the ray. 


We have. 




_ sin i 
; and , 

sin r 


^/2 ; 


or 


sin 40 

sin r 


V2; 


svn r 


or = x/z ; .sirt /'= J ; or, r— 3(r. 

The angle of the prism A = 60° = r+ r (see Fig. 66). 60° - 80°- 30°. 


Again iW*— /= , — V 2 ; or .sm t x ^2= - ; . . z “46 . 

^ ^ sin r sindO ^2 


Sin % 

«in80° 

Hence the angle of emergence is 45®. 

Now, D^i-^i ^ A— 45° + 45° — 60° = 30°. Hence the angle of deviation = 30°. 


2. The minimum deviation produced by a hollow prism filled with a certain 
liquid 15 S€f * ; if the refracting angle of the prism is 60^, what is the index of refraction 
of the liquid } (C. U. 1982y 
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We have, ft 


stn 2 


sin , 


, ao+60 

2 ~~ »in 4 S° 
A airi 30" 
sin 2 “ 


Questions 

/Arts. 42. 43 & 44. 

1. State the laws of refraction of light. Explain how they are experimen- 
tally verified. (C. U. 1911, ’12, ’14, ’19 ; Pat. ’43, ’45.) 

Art. 46 

2. A candle fiame in viewed throiigh (a) a prism (h) a parallel-sided plate 
■ of glass. Explain, with the aid of neat diagrams, the apparent positions of the 

candle as seen by the eye. (Sec also Art, 61) (C. U. 1932) 

Art. 50. 

3. A ray of light passing from air to water falls at a given angle Qn the 
surface of the water, the refractive index of which is 5 . Show the path of the 
refracted ray by a geometrical construction. 

4. A small object is viewed with a microscope through a slab of glass 
8 cms. thick. If the refractive index of glass is 1*5, through what distance 
would the object be raised ? 

[A7is : 2 § cms.] 

6 . Explain the apparent raising of a picture stuck on the bottom of a cube 
of glass, as it appears to an eye looking down, as if it were in the glass. If the 
index of refraction is 1 ' 6 , how much does the picture appear to be raised to a 
perpendicular vision ? (C. U. ’23. cf. ’33. ’46)' 

[Hints. 1 where t is the thickness of the glass cube, and X the 

distance through which the picture appears to be raised.] 

6 . A body is viewed through a glass plate 10 cms. thick, the body being 
2’5 cms. behind the plate. Where will the body appear to be V (//= 1'5) 

(M. U. 1928) 

[See Q. 5. Here aj*3'3 cms. nearly, the body appears to be nearer by 
3‘3 ; so the body will appear to be at a distance of (2’5 + 3’3) “S'S cms.]. 

7. Define index of refraction. A rod is partially dipped in a basin of water. 

Explain by means of a diagram the appearance presented. (G. U. 1916) 

8 . A coin placed in a basin is hidden form view by the side of the vessel. 

When water is placed into the vessel the coin just comes into view. Explain 
the phenomenon by means of a diagram. (0. U. 1914) 

9. Describe the effect of atmospheric refraction on the apparent positions 

of heavenly bodies. Also explain, with a sketch, how a totally reflecting prism 
can be used to deflect a beam of light 90" from its original course. (See also 
Art 62). (Pat. 1918) 
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Arcs. 51 & 52. 

10. Deduce from the laws of refraction the condition of total internal 
reflection of light. Describe some phenomena depending on total reflection. 

(C. U. 1912, 16, *17, 21, -22, '25, '28, ’30 ; Pat. 1919, '27) ‘ 

11. (rt) State clearly what is meant by ‘critical angle’ (Pat. '34, ’46). 

(6) Prove that a parallel beam of light incident on a prism emcrgea out of it 
also as a parallel beam. (Pat. 1934) 

12. State clearly the eJen eiitary laws of refleetiun and refraction of light. 

Explain how total reflection occurs wlieii a ray of light passes from one medium 
to anotlier in which the speed is different. (C. U. 1986) 

13. Wluit is total reflection and in what circumstances does it occur ? 

(Pjit. 1938, '42 ; All. '44) 

14. Hubbles of air coming out through water in a glass vessel appear 
silvery to an observer standing by the sides. Explain this. (C. U. 1922, ’23) 

15. A right-angled isosceles glass prism is sometinies used in place of a 

plane mirror. Explain by tlie aid of a diagram liow it can be used. ]s it more 
advantageous ? Jf so, why ? (0. U. 1924 ; Pat. 1919, ’25, ’28) 

16. Explain the pheiiom^nou of total reflection. Why is it so called ? 

Describe a totally reflecting prism, and state its use. (Pat. 1932) 

17. Explain,thc tenus ’total reflection’ and ‘critical anglo’ and establish 
the relation betwijon critical anglo and refractive index. 

(Pat. 1944 ; C. U. ’44, 46) 

If the refractive inde\ of llenzene is 1*5, what is the value of the critical 
angle '? (0. U. 1946) 

[Ans. 41 *hJ. 

18. Explain clearly why a smoked ball on being introduced in a beaker of 

water appears silver white. (Pat. 1930 ; ’45) ■ 

Also explain the use and construction of a periscope. (Pat. 1930 ; All. 1917) 
Art. 53. 

19. Define refractive index. How >vill yon determine it for water ? Give 

full experimental details. (Pat. 1931 ; All. 1919) 

20. Yon are given a block of glass, a piece of paper with a pencil mark, 

some lycopodium powder and a inicruscope capable of vertical motion. 
Explain how you would hiid out the refractive index of glass. (All. 1924) 

21. Explain a method, using the phenomenon of total interna.! reflection, 

for finding the refractive index of a liquid. (C. U. 1940 ; All. ’44) 

22. What is meant by the critical angle for a given rqfr.icting medium ? 

Show how you would measure it. Hence determine the refractive index of 
the medium. What is total reflection and when does it take place ? (C.U. 1934) 
Art. 54. * 

28. Describe and explain, with the help of a diagram, the phenomenon of 
mirage. (C. U. 1912, ’10, ’17, 21, ’87) 
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24. Explain why the mirage is observed in deserts and over very cold 

water surfaces. (Pat. 1924) 

Art. 56. 

25. Draw a neat diagram, showing the path of a ray of light through a 

'60® prism ; the ray makes an angle of 25“ witli one of the faces, refractive 
index of the material being 1'5 with reference to air. (Dac. 1932) 

Arts. 57, 58 & 59. 

26. Prove that in the position of minimum deviation the ray passes 
symmetrically through a prism. If the prism has a refracting angle of 60“ 
and refractive index* ^/2, calculate the angle of minimum deviation. 

(Dac. 1930) 

[Ans : 29" 40'] 

27. Show how the relation between the angle of incidence and the 
deviation caused in the case of a prism may be determined by the use of pins. 

(Pat. 1918, '36 : 0. U. 1910) 

28. What do you mean by the angle of deviation of a ray of light, and 

when is this angle minimum when the deviation is caused by a prism placed 
in the ])ath ? (Pat. 1934 ; C. U. ’45) 

29. The refracting angle of a prism is 60" and the refractive index for 

sodium light is known to bo 1*5. What would be the angle of rninitijum 
deviation for the prism for sodium light *? (sin 48“ (C. U. 1938) 

[A'hs : 37“12']. 

.30. Explain with theory how you will calculate the refractive index of the 
material of a prism. (Pat. 1925 Of. '42 ; C. U. 45) 

Art. 60. 

31. Explain what is meant by the minimum deviation of a ray passing 
through a prism. How can you determine it with the spectrometer ? (AM. ’46) 

The refracting angle of a prism is 60“, and the minimum deviation produ- 
ced in a pencil of monochromatic light is 40". Find the refractive index of the 
prism for the light used. Given, sin 50“*0’706. (See also Arts. 57 & 101) 

(C. U. 1930) 

[Ans: |[i= 1*412] 

32. Explain how you would determine the refractive index of a given 
glass prism. 

Calculate the refractive index of a glass prism for sodium light when the 
refracting angle of the prism is 45“4' and the minimum deviation of a ray of 
sodium light passing through it is 26®40'. [sin 36* 52'* 0*586 and 
gin 22“ 32'* 0'383] (C. U. 1934) 

[Ans : 1'53] , 

Art. 63. 

33. J)e6ne critical angle. Show that if the angle of a prism be greater 

than twice the critical angle of glass of which it is made there will be no 
emergent ray. (Pat. 1929) 



CIIAPTEE V 

Lenses 


64. Definition— 


Lens — A lens is a transparent refracting medium bounded by 
two spherical surfaces, or by one spherical and another plane surface. 
A lens bounded by cylindrical surfaces is called a cylindrical lens. 
Lenses are divided into two classes : — 


(l) Convex (or converging) .—These lenses are thicker in the 
middle than at the edges. 


OH nc 


Such a lens may have any one of the following three forms 
a) Double-convex or Bi-convex 
! Fig. 73(a) I — of which both the surfaces 
are convex. 

{it) Plano-convex — one side plane 

^ and one side convex, Fig. f3(6). 

(in) Concavo-convex — one side con- 
cave and the otlier convex, Fig, 7J(c) 

(2) Concave (or ^diverging) : — These lenses are thinner in the 
middle than at the edges. The three forms are : — 

(ij Double-concave or Bi-concave, (Fig. 73a'), Plano-concave, 
(Fig. 736'), and (/u) Convexo-concave, (Fig. 73c'). 

Fig. 74 shows how (a) double-convex. (6) concavo-convex, (c) piano- 




Fig. 74 

^'onvex, and {d) plano-concave, (e) convexo-concave, and (/) double-con- 
cave len ;cs are formed of two spherical surfaces, each having a centre and 
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its own radius of curvature. In plano-convex [Fig. 74(c)J and piano- con- 
cave [Fig. 74(rij| lenses, one surface is spherical and the other is plane^ 
which can bo considered also as a spherical surface of inhnite radius. 

65. A Lens acts like a number of Prisms. — The reason why 
canvex lenses are described as converging and concave as diverging will 

be understood by reference to 
Figs. 75 (a) and (b). In Fig. 75 
(a), it will be seen that two sets 
B of truncated prisms are arran- 
ged symmetrically about an 
axis AB with the base of each 
prism turned towards this line, 
and the angle of the prism be- 
coming less and less as the axis 
AB is approached. The deviation in the case of a prism, does not 
depend on the distance between the two refracting surfaces, but upon 
the inclination of the surfaces, i.e. upbn the angle of the prism (see 
Art. 56^). It has been seen that a prism bunds rays towards its* base, 
so the above arrangement will bond all rays towards the axis AB and 
thus will make the beam more convergent as the delation gradually 
increases with the approach of the apex. This is the case for a 
convex lens. 

Similarly (Fig. Idh) shows that the section of a concave lena 
may be considered as built up of several truncated prisms with their 
refracting angles turned towards the axis AB, So, in this case the 
rays after refraction will bend away from the jixis and so the beam will ’ 
be divergent. 

In reality, however, the lenses have continuous curved surface. 

66. Optical Centre of a Lens. — Let C and C* be the centres of 
curvature of the two surfaces of a convex lens (Fig. 76). Draw any radius 
Cd to the first surface and through 
C' draw a parallel radius C^B to the 
second surface. These two radii 
being normal to the surfaces, the 
two surfaces of the lens are parallel 
to each other at A and B, So a ray 
AOB, which is incident at A and 
cuts the axis at 0, will emerge at B 
in the same direction, as in the case 
of refraction through a parallel plate 
(see Art. 46). The ray is laterally 
displaced, the displacement being 
very small for thin lenses. 



Fig, 76 — Optical Centre 
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similar ; 


but CA = GF and C'B « C^E ; 


CA and C'B being parallel, the triangles GAO and C'BO are 
GA ^ CO 
G'B “ G'O 

GF ^ GO ^ OF -CO OF 

&E^ G'o^ aE-ao “ OE ■ 

OF 


If and 0'E^r\ wo have, 


OE 


, = a constant. 


Thus 0 divides EF in a fixed ratio, and is, therefore, a fixed point. 
This point is called the Optical centre of the lens. It is thus found 
that any ray, which after passing through the lens emerges out 
undeviated, will pass tlirough the point O. Thus, if a raij of light 
passes through a lens in such a wag that the direction of the emergent 
ray is parallel to tlip direction of the incident ray, the path of the ray 
inside the lens intersects the axis {CG\ called the principal axis) at a 
fixed point, which is called the Optical centre or the centre of the lens. 

Remember that a t'ay passing through the optical centre is 
displaced but not deviated : and, in the case of thin lenses, the 
displacement very small and can bo neglected. That is, in the case of 
a thin Lens, a ray passing through the optical centre passes out straight. 


(N.B —The oj)tical centre of a lens must be carefully distinguished 
from the centres of curvature of its faces). 


To find the position of the Optical Centre : — 


Since, 


OF 

OE 


we have 


OF r _ 

OE-^OF r' + r * 


That is. OF~^OV.\-OF) : 

r + r r “hr 

where i = thickness of the lens at the middle. Similarly, 

r 

OE = t^ . 
r +r 

N.B. For a double convex or double concave lens, the optical centre 
is within the lens. For a plano-concave or plano-convex lens, it coin- 
cides with the pole of the curved surface. For a concavo-convex or 
convexo-concave lens, it is outside the lens. 

66(a). Some Important Definitions. — 

Principal Axis. — The line {GG' in Fig. 76) that joins the centres 
of curvature of the two bounding surfaces of a lens is termed the 
principal axis of the lens. 

7 (ID . 
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Principal Section. — The cut- away section of a lens through the 
principal axis is termed a principal section. The section of the lens 
■shown in Fig. 76 is a principal section. 



FiK. 76 (a) 

ihat rays diverging from it (in case 

to converge to it (in case of a divergent lens), are rendered 
the axis after refraction through the lens |Fig.»76 (a)]. 


Principal Focus. — A lens has 
two principal foci, the first prin- 
cipal focus and the second prin- 
cipal focus. The second prin- 
cipal focus is conventionally 
called the principal focus of a 
lens. 

First principal focus is a 

point on the principal axis such 
of a convergent lens) or tending 
parallel to 


Second principal focus is a point on 
rays incident on the lens in a direction 
actually converges to it 
( in case of a convex lens) 
or appears to diverge from it 
(in case of a divergent lens) 
after refraction through the 
lens !. P"ig. 76(b) This 
second principal focus is 
conventionally referred to as 
the principal focus of 
a lens. 


the^rincipal axis 
parallel to the axis 


such that 
either 



Focal Length. — The distance of either of the two principal foci of a 
lens measured from the optical centre ia the same if the lens is surroun- 
ded by the same medium on both the sides and is equal to the focal 
length of a lens. Conventionally, the distance of the second principal 
focus from the optical centre is called the focal length. 


Focal Plane. — When a parallel beam of light falls on a lens in a 
direction not parallel to the principal axis of the lens, the beam is 
brought approximately to a focus at a point in a plane passing through 
the principal focus at right angles to the principal axis. Such a plane is 
called the focal plane of the lens. The images of very distant objects 
are formed on the focal plane of the lens. 

Aperture of a lens is given by the diameter of the lens. 
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This lens. — A lens is said to be thin when the distance between 
its two surfaces is negligible in comparison with their radii of 
curvature. The lenses used for ordinary experiments nearly satisfy 
this condition. For such a lens the points E, 0, and F (Fig. 76) may 
be regarded as coincident, and it may be said that the optical centre is 
the point in which the lens and the axis intersect. 

The defect of a lens as ordinarily used is that when an image of an 
extended object is formed by it, the image in the region o£ its principal 
uxis appears to be a true representation of the corresponding portion 
of the object, but for regions off the axis the image becomes definitely 
distorted. This effect is visible in the photographs of a large object 
taken by a cheap camera, ^ 

67. (I) Graphical Construction for Images. — The position of 

the image is traced by drawing the courses of the following rays ; — 

la) A ray falling on a lens in a direction parallel to the principal 
axis parses throiSjh, or appears to diverge from, the principal 
focus after refraction. 

(h) A ray passing through the optical centre of the lens emerges 
out undeviated and undisplaced. 

The point where these two emergent rays converge, as in the case 
of a real image, or from which they appear to diverge, as in. the case of 
a virtual imago, is the image of the luminous point. 

(II) (a) Rules of Signs. — These are the same as given for mirrors 
with the difference that the term pole in the case of mirrors should be 

•exchanged for optical centre in the case of lenses. 

♦ 

So the focal length of a convex lens is negative and that of a 
concave lens is positive. 

(b) New Convention of Signs. — B’ormerly it had been the prac- 
tice (which is still followed in tliis book) to take the direction along 
the incident light as negative and that against it as positive ; accord- 
ing to which a concave mirror had a positive focal length and positive 
radius of curvature and a convex mirror a negative focal length and. a 
negative radius of curvature. The general formula obtained for both 

'the mirrors was ^ — 1" should bo remembered that, in 

^ V u f 

these cases, real image distances were taken as positive, and virtual 
image distances as negative. 
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III the case of lenses, however, the distances on the object side 
measured from the optical centre, i.e. the direction against which the 
incident light traversed, were taken as positive, while the distances on 
the other side, i.e, the direction along the incident light, were taken 
negative, which meant that all real image distances were negative and 
virtual image distances positive ; and thus this had no logical agree- 
ment with mirrors. Again, according to this, the focal length of a 
convex lens, generally producing a real images had to be taken as 
negative, while that of a concave lens which only gives virtual images, 
was regarded as positive. Besides this, there was another difficulty in 
as much as the opticians have long regarded the convex lenses as 
positive and concave lenses as negative. 

To remedy all these difficulties a new convention of signs was 
recommended by the Committee of Physical Society in 1934 ; and in 
many text books this now convention of signs is being used, according 
to which all real distances (t.e. distances actualhf traversed by the 
light either in coming from a 7‘eal object or hif going to a real iviage) 
are taken as positive and all virtual distances {i,e.* distances 
traversed by the light only virtually either in appearing to go towards a 
virtual object or in coming from a virtual image) are taken as nega- 
tive. According to this, the general formula for lenses would be 

' ^ ^ \ . (Compare eq. (3) Art. 68). 

V u f 

Thus the focal length of a convex lens which brings parallel light 
to a real focus is positive and that of a cmicave lens is negative- 
Hence a convex lens has got a ijositive power (see Art. 75) and is 
called a positive lens, while a concave lens has got a negative power 
and is called a negative lens. According to this, an object and its 
image may be on the same side of the lens, and yet the object distance 
may be positive and the image distance negative. 

In the case of spherical mirrors, a concave mirrm' with real 
principal focus has a positive focal length and positive radius of curva- 
ture, while a convex mirror with virtual principal focus has a negative 
focal length and negative radius of curvature. 

The advantages of the new system are : (a) the same formula 

111 • 

— + — a — — holds for both mirrors and lenses ; (5) it conforms 

V u f 

with the practice all along followed by t^e opticians. 
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68. General Formula for Lenses. — 

(1) Convex Lens 

(a) Real Image. (Object beyond the principal focus) : — Let PQ bg 
a luminous object placed vertically on the axis of a thin convex lens 
BO (Fig. 77) of which 0 is the 
optical centre, F the principal 
focus and FOF the principal 
axis. To get the image, draw 
a ray Pll parallel to the axis, 
which after refraction pasSes 
through the principal focus F. 

Draw another ray PO through Fig. 77 — Convex Lens 

the optical centre of the lens, which passes out undeviated. The point 
P\ whore these rays intersect, is the image of f\ and let PQ be drawn 
perpendicular to the axis. Thus, P‘Q' is the image of PQ. This 



image is real and inverted. 

Here the triangles P(^0 and P*Q'0 are similar ; .’. 

P'Q' 

Again, from the triangles P'O'F and EOF, we 


OQ 

OQ' 

Q'F 

FO 


...( 1 ) 

...( 2 ) 


Form (l) and (2), 


PQ X - 
PQ' EO 


OQ ^ Q'F 
OQ' FO 


OQ Q'F 

Bat PQ-nO-, = 

Let OQ ^ 71 ; OQ'^v ; PO*=/ ; Then, we have, by using proper 

signs, 1 - [V Q’F=OQ'-OF={-v)-{-f)]-, 


, 7l^{f~v) 

or 1 = 

vf 

Dividing by uvf, - 


or uf - 7iv vf. 


(b) Virtual Image. {When the object distance is less than the focal 
length) : — 

From similar triangles PO^i and P'OQ' (Fig. 78), 



Fig. 78 


PV/ OP' 
PQ ^ OP 


( 1 ) 


Again, from similar triangles P' Q'F 
and EOF, since PQ " OR, 


P'g' ^ P'P_ FO + OF 
PQ “ OR of’" ' bF~'~ 
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OP' P'O + OF 


or 


OP OF 

j) i; + (”/) 

'-/ “ -/ ’ 

1 1 


from eq. (l) ; 


or 


iif-vf^uv ; 


or dividing by uvf^ 


1 


( 3 ) 


(2) Concave Lens 


The method of finding the position of the image due to an object 
is the same in case of a concave lens as in the case of the convex lens. 


The ray Plit incident parallel to the axis, emerges after refraction 
so as to appear to diverge from the principal focus F (Fig. 79). The 
ray PO, passing through the optical centre O, emerges out undeviated. 
The point P\ where the paths of these two rays appear to intersect, is 
the image of P, and P'Q' is the image of P^. This image is 
evidently virtual, erect and diminished. 

From the two triangles PQO, PQ'O (Fig. 79), we get 



Fig. 79 — Concave lens 


PQ OQ 

PV'“ bo' 


Again, from the triangles HOF, P'(/F, 

RO ^ OF 
P'Q'^ O'F 


we get, , 


... ( 2 ) 


But EO = PQ ; . . .from (1). 


Using the same letters u, v, f as before, we have, 


- J . 

V (f-v) ' 


or vf^uf-uv ; 


Dividing by iivf, ^ ^ ; or ^ (^) 

u V f V u I 

Conjugate Foci. — The path of light is reversible, so two points, 
on or near the principal axis of a lens, are said to be conjugate foci, 
when the image of a point source placed at one of them is formed at 
the other by refraction through the lens. The positions of the object 
and the image are therefore interchangeable and hence are called 
conjugate foci (see Art. 31). In Fig. 77, P<i and PQ' are conjugate foci. 

6fl. (1) Magnification. — The magnifying power of a lens pro- 
ducing an image of an object is defined as the ratio of any linear 
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dimension of the image to the corresponding linear dimension of the 
object. Thus, 


Magnification (m) 


size of image ^ P'Q[ ^ 00' ^ v 
size of object PQ OQ u 


It should be noted that in Pig. 77 the image is inverted and v and u 
have opposite signs, v being negative ; so for lenses, when vlu (or m) 
is negative, the image is inverted. Again, in Pigs. 78 and 79, the image 
is erect and both v and u are positive ; so when vlu (or m) is positive, 
the image is erect (Here note that lenses and mirrors differ in 
this respect). 


The magnification may be expressed in terms of u, v, and/ 
as follows : — 

1 _ 1 ^ 1 

V u f 

■ HI 

a J n 

{b) Multiplying e<ich term of the general equation by w, we get 


1 - 


(ai We have, 

V 


V ^ /_- V 

f f 


Multiplying each term by v, we get 

( 1 ) 


U ^ n U U^r f , V f 

- 1 « -7 ; or « ‘ ; . . m = * - ^ , 

V T V J It Zt +/ 


( 2 ) 


Remember the 

Signs of u, V, and f. — 

n 

+ 

alicaijs . 

V 

... ^ 

when the image and the object are on 
opposite sides of the lens ; 


+ 

when the object and the image are on the 
same side of the lens ; 

f 


for convex lens : 


+ 

for concave lens. 


So, when working out problems, the following corrections of sign in 
the general equation are to bo applied : — 


(i) For a Convex lens producing real image, both v and f are negative. 

So the general equation becomes ^ ^ - V : or — + -i, 

-V n f V u f 

{ii) For a Convex lens producing virtual image, ~ — 

V u — / ' 
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ii) For a Concave lens, u, v, f positive, so 


1 1^1 

V u f 


69(a). Formula according to New Convention of Signs : — 
(i) For a convex lens producing real image — 


In deducing 


both V and / were taken as negative. 


11 ^ 1 

V u f 

According to the now conventions, v and / should bo both positive, 
for they are real distances traversed by the rays. Hence the formula 
will suit the new conventions if v and /, in the above equation, bo 
made negative again. 

11 1 111 
= — ; or - + - = . 

V U / V u f 

(a) For a convex lens producing virtual image . — 


That is, — 


In deducing the equation 

a / negj 
this case. 


, V was taken as positive 


1 ^ 

V n f 

and / negative. According to new conventions, they are reverse in 


. _ 1 1 « . L . . ^ ^ 1 

'' V U / ’ V u f ' 

(Hi) For a concave lens, which always produces virtual image. — 


In deducing the equation 


1 


, V was taken positive and 


1 

tc f 

/ also positive. A'ccording to the new conventions, they being virtual 
distances are negative. Therefore, the formula should be 

given by, 

It is clear from the above that, according to the new conven- 
tions, the general, formula connecting the conjugate foci should 

y , whereas, according to the old conventions, 
itis~~ A. Thus, according to the new conventions, the 

V u j 

same general formula, appbes to the cases of both 


j 

v u 


lenses and mirrors and a uniformity in practice is attained. [ Vide 
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70. Nature, PoBition, and Size of the Image in Case of Lenses. — 

The position, size and nature of the image formed by a lens depend on 
the position of the object with respect to the lens. A convex lens forms 
sometimes a real and sometimes a virtual image according to the 
position of the object ; but a concave lens always forms virtual and 
erect images. Typical cases are shown below by the following diagrams 
drawn according to the rules stated in Art. 67(1). 

(1) Convex Lens.— 


(a) Object at Infinity. — Parallel rays in- 
clined at a small angle to the principal axis 
and proceeding from the object will converge in 
the focal plane of the lens, where the image 
is formed, which is real, inverted and extremely 
diminished [Fig. 80 (a)!. 



Fig. 80(a). 



Fig. 80(b). 

nished [Fig. 80(b)]. This case is 
camera. 


(b) Object between Infinity and 
— When the image of an object 
is drawn, according to the rules 
already stated, it is seen that the 
image is formed between F and 
2F and is real, inverted and dimi- 
applied in an ordinary photographic 



(c) Object between 2F ami 
^F . — The image in this case is 

formed between 2/^’ and infinity 
[Fig. 80 (c)], and is real, inverted 
and enlarged. This case is applied 
in the magic lantern, enlarging 
camera, etc. 

(d) Object at 2F. — In this case the image is also at 2F I Fig. 80(d)]. 

This is also obtained mathemati- 
cally by putting w - 2/ in 
the general equation ; whence 
V * “"2/, which means that 
the image is formed on the 
other side at a distance equal 
to 2/. 

— 2f 

- * - 1, which means that the 
i .image is real and is equal in size to the object. This case is applied 



Again, magnification m — 
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in the case of a terrestrial telescope (Art. 81) fitted with an erecting 
eye-piece. 

(e) Object at F. — This is the converse of the case (a). The image- 
is formed at infinity, and is 
real, inverted and infinitely 

enlarged [Fig. 80(e)]. 

In the general equation, 

1 _ 1 ^ _ 1 

V f / ' 





2F' 


if n then 


Fiff. 80(e). 


or 


1 

V 


' 0 ; or v = ^ . 


Again, magnification m— — 

u 


This case is applied in case of the collimator of a Spectrometer 
(Art. 100). 


(/) Object between F and 



the Lens . — The two rays taken* from 
Q diverge »--fter refraction, and meet 
at Q* when produced backwards 
[Fig. 80 (f)]. 

Draw perpendicular to the- 
■ axis, which is the image of PQ, The 
image is virtual, erect and enlarged. 
This case is applied in magnifying- 
glasses and eye-pieces of telescopes 
and microscopes (see Chapter VI). ^ 


Remember :—(aj For a magnified real image the object is 
to be placed between F and 2F. For all other positions from infinity 
to 2i^, the image is diminished in size, though gradually increasing. 
It becomes equal in size when the object is at 2F. 

{b) For a magnified virtual image the object is to be placed 
between F and the lens. The size of the image diminishes as the 
object moves towards the pole, and when the object is on the pole, the 
size of the image which is virtual and erect becomes equal to the object. 

(2) Concave Lens. — For all positions of a real object in this- 
case the image is virtual, erect and diminished, though the size of the 
image slowly inpreases as the object is gradually brought nearer to the 
lens (see Fig 79). 


71. Identification of Lenses : — To identify by means of the 
image formed whether a lens is convex or concave ; (a) point it 
towards a distant object and move it towards a white wall or paper 
screen behind it. If . any image is obtained,, the lens is convex, other- 
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wise it is coDcave ; (ft) hold the lens close to any object, and a virtual, 
erect and enlarged image will be formed when the lens is convex, which 
may be viewed by means of an eye placed close to the lens. This is the 
j[)rinciple of a magnifying glass or a simple microscope fsee Art. 78). If 
the image be erect and diminished, the lens is concave. 


Summary of Results. — 


1 

Figures , 

Po.sition 

of 

Image 

Remarks 


Object 

Position 

Size , 

Nature 


Convex 

Fig. 80 (ii) ; 

At 

At 7^' 

1 

( 

Diminished ; 

lle.al and 
inverted 

Image and object 
change their 
positions. 

Fif,'. 80(b) 

between 
‘2F and <>= 

Bet\veen 

F and 

2F 

Diminished 

Real and 
Inverted 


Fig. 80(c) 

Between 

F and 2F 

'Between 
2F and ^ 

Enlarged 

1 



Fig. 80 (tl) 

At 2F 

At 2F 

Same size 


»• 

Fig. 80(e) 

At F 

yjr 

Enlarged 



Fig. 80(f) 

Concave 

Lens 

1 

Between 

F and 
Optical I 
centre | 

or 

1 

On the 
same side 
as object 

At F 

i Enlarged 

1 

I 

iDiminished' 

I I 

i 

Virtual 
and 1 

Erect 

Virtual 

nnd 

Erect 

Lens used as a 
magnifier. , 

Fig. 79 1 

( 

Between 

and 

Optical . 
centre 

Between 

F and ' 
Optical 1 
centre j 

1 




Notes. — (i) The different positions mentioned in the above table 
can also be obtained from the formula (Art. 68) as done in Art. 37(3) 
in the case of mirrors. 
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in) It should be remembered that m the case of lenses 2f is not 
equal to the radius of curvature, as focal length does not only 
depend on the curvature of the surfaces but also on the refractive index 
of the material of the lens with respect to the medium in wHich the 
lens is placed. 

72. Spherical Aberration in a Lens — In the formation of images 
in the case of lenses it has been assumed that all the rays coming 
from a point in any object are accurately brought to focus by the 
lens to one point. This is, however, not possible for a lens of 
wide aperture, where the rays striking the outer portions of the lens 
are refracted more than the rays which strike the central portion of 
the lens, and thus the marginal rays are brought to a focus nearer to 
the lens than that for the central rays The effects of spherical 
aberration are to make the image curved and distorted in shape. 
The defect may be reduced by using a stop^ i.e. by taking only the 
central rays. The defect is also much minimised by using a plano- 
convex lens, the convex surface facing the incident rays. 

Solution of Examples . — Follow the instructions given in the cases 
of mirror St remembering that the focal length of a convex lens is negative 
while that of a concave lens is positive. 

Examples. — i. Two convex lenses of focal lengths S inches and 4 inches 
respectively are placed at a distance of 6 inches apart and a luminous object I inch 
high is situated on the common axis of the lenses at a distance of 4 inches in front of 
the lens of smaller focal length. Find the position, nature and size of the image. 

(Pat. 1927) 

General formula of the lens is, ' 

V u f 

Here, for the lens of smaller focal length, = 4 - 3 ; 

Substituting the values, we have ^ " r i whence y**12 inches. 

V 4 o 


The image serves as an object for the second lens. As the distance between 
the lenses is 6 inches, the object distance u tor the second lens“t; + 6 

111 2 

= - 12 + 6 *= - 6 inches. So, , ^ ; whence — 2 - inches. 

V —6 4 5 


That is, the hnal imago is formed at a distance of 2| inches beyond the 
second lens, and is real and inverted. 


Magniffcation by the ffrst lens = 


V 

u 


12 

4 


Therefore, the total magnification's x 


‘ 3, and by the second * 
1 

15 5 


6 


2 

5 ■ 


/ 1 \ l" 

So, the length of the image (lx 1“^ ) = 
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2. A convex and a concave lem each 10 inches in focal length are held co axially 
at a distance of 3 inches apart ; find the position of the image if the object ts at a 
distance of 15 inches beyond (a) the convex^ and {b) the concave lens. (Pat 1-^28)^ 


We haver^ " ^ 1 . (a) Here, + 15 inches ; /= - 10 inches ; v«= '? 

V u f 


So, 


1 

V 15 


; or ?;= —80 inches. 


So the image is formed at a distance of 27 inches on the other side of the 
concave lens, as the distance between the lenses is 8 inches. This serves as 
an object with respect to the concave lens, the object distance being u = a + 8 

= — 30+3=— 27. Again, \ ; whence?/* + 15 inches. 

V —27 10 17 

Thus the image is formed 15]:^^' in front of the concave lens (on the same 
side as the object). 

(b) Here, +15 inches ; /* + 10 inches ; v = ? 

Ill n ■ , 

so, ~77rmi or = 6 niches. 

V 1.) 10" 

So a virtual image is formed 6 inches in front of the concave lens. This 
serves as an object with respect to the convex lens, the object distance being 
(6 + 8) inches. 

So, (for /’— -10 inches) ; or ?/= +90 inches. 

V 9 10 


That is. a virtual image is formed at a distance of 90 inches in front of the 
^onvex lens. 

:j. A real image of an object placed in front of a concave lens of 5 cms. focal 
length is formed 30 cnis. away from the lens. Where must the object be placed ^ 
Calculate how far the lens must be moved so that another image may he obtained on 
the screen. 

Here /t* ? ; ?’= -80 cms. ; /= —5 cms. 

Ill 11 1 - . 

or — - - = “ ^ , whence // = 6 cms. 

V n f 80 n 5 


To obtain the position of another image the lens must be moved into the 
second of the two conjugate positions for image and object. Thus the image 
distance v must now become -6 cms., and the object distance 
+30 cms. 


To verify this, 


1 ^ 1__1 

/ V ^Xi * " 6 80 “ " 30 “ " 5 * 


- 5 ; and so is correct 

4. An object is 60 cms. in front a lens^ the image being 300 cms, on the other 
f rside of the lens. Calculate the displacement of the image when the object is moved 20* 
cms, (a) nearer to the lens, (6) away from the lens. (C. U. 1929)- 



110 


INTERMEDIATE PHYSICS 


We have, for lens, ^ 

V 

, _ 1 J. 

300 ”60 / 


_ 1 ^ 

u 

; whence 


1 

/■ 

/- 


Here it = 60 cins. ; y— —300 cms.;/= ? 

0 

— 50 cms. . The lens is a convex one. 


(a) Here /t = 60 — 20 = 40 cins. ^ ~ ; whence v = 200 cms., 

V 40 50 

'{on the same side as the object). Hence the displacement of the image 
“300 + 200 = 500 cins. 


(6) Here a = 60 + 20 - 80 cins. ^ J 

V 80 50 

whence u= “"3"^ — 133^ cnis. (on the other side of the lens). Hence dis- 
' placement of the image = 300— 133 J = 166® cms. towards the lens. 

0 . Rays of light from a himtnniis object are brought to a focus at a point A. A 
conve.c lens of 12 in, focal length is then placed 12 in. from A, so as to interct'pi before 
they meet at A. ff they now meet at B, find the di^^tancc AB. H^lierc else could the 
lens be placed so that after passinn through xifthe rays might appear to diverge from 
B ? ‘ ' (Pat. 1926) 

In the first case A serves as a virtual image with respect to the leiis. 

Draw the diagram. Here - 12 ; y = ? ; f- — 12 ; 

111. 

Hence I whence w= —6. 

u — 12 — 12 

That IS. tlie image is formed (i.e. the raj^s meet) at B on the same sid’« 
as at a diMtance of 6 inches from the lens, AB^ 12 — 6 = 6 in. 

Xow let the lens be placed at a distance of x inches from A on the side 

opposite to B. 

Hence u=-s: in. ii.e. the distance of A from the lens) ; e==(.c+6) in. (i.c. 
the distance of B from the lens) ;/= —12. 

1 _ 1 J . .r-(.r + 6)_ _ I 

. + (•)” r .tU + 6) “ 12’ 

or .;;‘“+6j;- 72 = 0 ; or (x - 6)(r + 12) -0 ; .r“6 or -12. 

The negative value of x is not admissible here, so the Ions must be placed 
at a distance of 6 inches from A on the side opposite to B in order that the 
rays might appear to diverge from B, 


73. Refraction at a Single Spherical Surface. — In Fig, 81 (a), 
the spherical surface is convex and in Fig. 81 (b), the spherical surface 
is concave, each of which has its centre at 0, Join CB, then CB is 
'normal to the spherical surface at B, Let in either diagram, be a 
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point source of light situated on the principal axis. Consider a single 
ray AB which, on entering the glass of refractive index is refracted 



(a) Fjg. 81 (b) 

along (in glass). The ray BD produced backwards meets the axis at F. 

-r -n* 01 / \ 1 • sin z ABN 

In Fig. 81(a), we haveT 

sin r sin GBD 

T T-,- 01 I u ^ ABC 

In Fig. 81(b), we have, 

sin r sin 2siBD 

In Fig. 81(a), 0^ LBAB^ LABF+ LBFA--i-r+ LBFA 
LBFA^O -i+r. 

Again, 7 - L NBA = L BOB + L BAB = L BCE + d ; 

P — Similarly in Fig. 81(b), LBFB^^-i’¥r\ 

and LBCni^d-i, 

Draw BE perpendicular to the axis ; then considering all the rays 
in the vicinity of the pole (as done in the case of lenses), the angle & is 
small and E nearly coincides with the pole. As small angles may be 
represented by their tangents, wo have from either diagram, 

® — u) 


r6-o= 

(0 - / + r) “ 


A H 71 

BE ^ BE 
CJi r , 
BE^ BE 
EF V 


-• . Prom (1) and (2), i = and from (2) and (3), 

U / i 

^ V 1*1 ‘ 
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Remember that in Fig. 81(a), r, is negative according to the con- 
vention of signs. Again, when angles i and r are small, we may write 


pin r 


or 


^r. 


Hence, substituting the values of i and r, we have from above 
Bn BR 


[BR 

Bn\ 

1 

1 J 

1 1\ 

1 

1 

; Or 


... - j . 

\ V 

ri / 

u 

7l \ 

. V Vi/ 


which, when re arranged, becomes 




1 

u 


r. 


(4) 


74 



Refraction through a Double Surface (or Lens). — When a 
ray passes through a lens, it first 
crosses a surface, air to glass, and 
then emerges through a surface, glass 
to air. In Fig. 82, P is a luminous 
point on ti e axis of a lens, which, in 
this case, has got its radii and rg 
both positive. Let Pi be the image 
of P formed by refraction at the first 
surface. So, for the ray from P enter- 
ing the lens, the relation from the above formula [eq. (4)J is 
^ 1 ^ - 1 

v' U Ti 

where r\ is the radius of the first surface and v is the imago distance. 

Now, this image Pi formed by refraction at the first surface serves- 
as the virtual object of the final image Pg formed by the second surface 

/ ^ 1 

of radius rg. So in this case u^v. Remembering that a g™ — , 


(5) 


q a 


we have, if v be the final image distance, 


1 

V 


Multiplying each term by we have 


1 

v' 

v' 




-1 


^2 


Adding equations (l) and (2) for the two surfaces, we get 

V u ^ r, / 


( 6 ) 


(7) 
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If the object be at infinity, the rays from it are parallel, and 
lIu^O ; but we know that in this case the imago is at the principal 
focus, so v=/. Hence we get from eq. (7), 



N.B. According to the new convention of signs [See Art. 67(IIfc)l 
the siijns attributed to the radii of curvature of lens surfaces in air are 
as follows : — The radius of curvature of the surface convex to the air, 
i.e. a surface which is convex to the incident light, is positive. Jind 
that which is concave to the incident light is negative. Thus eq. (4), 

1 -1 

Art. 73, becomes . ftnd r® in eq. 8, Art. 74, being a negative 


quantity the equation (8), Art. 74, becomes J “(M' - l)(^^ + ~- 

/ ' ^'2 

Exathplea. — (i) The. plane aide of a piano- convex lens is silvered and the lens 
^then acts as a concave mirror of W cms. focal length. The refractive index of the lens 
IS 1 5 : calculate the radim of curvature of the convex lens. (PaL 1031 ; All. 1929) 


The lens is actimj' ns a copcave mirror of 30 ciiis. focal length. Theretore, 
if an object bo ])laced at' the centre of curvature of such a mirror, Le. at a 
distance of 60 crus, from the Jens, the image is also formed at the same place. 
Hence, here the focal length of the plano-convex lens is 60 ems. Tf the plane 
side of the Jens is silvered, the rays are reflectod back, and, being again refrac- 
ted through the lens along the same ))ath, meet at the focus. 

p The formula connecting the ladii of curvature of the lens, the refractive 
index of the Juatcrial of the lens, and its focal length is. 


^ ^ ). Hero fi-l'o ; = (being plane) ; 

/ r„ / 

/=— 60; (1'5 - 1) X ^ whence —30 cms. That is, the 

60 

radius of curvature of the lens is 30 cms. 


( 2 ) Find the focal length of a convex lens having radii of curvature 4 and 6 cms, 
respectively (a) in air, (&) in water, llefractive index of ' material of the 
lefts = r6. 


[a] Wc have the equation = (p “ 1) ( V 

/ \ *1 '*^2 J 

Let the light strike the surface of radius 4 erns. first, then ■ 

••• 7-u-»-u (- i-l )- 


1 6 

2 12 ’ • 




(6) Now, air^watcr = ^, water^air"»f, and air^* glass 
8 (II) 


■ -4, 

and r 2 = + 6. 
* - 4*8 cms. 
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water^glas8-ixf = f ; ^ ^ )(" ^ )! 

whence /“ — 19*2 cms. 

(3) A sphere of glass, 6 inches in diameter, contains a smatl air bubble which 
appears, to an eye looking from the surface along the radixis of the sphere, to be 
2 inches below. What is tts true distance from the surface ^ (f* •^3/2) 

The refraction takes place in a spherical surface, and we have, 


•“ _ i-= li.. ^ , e<]. (4), Art. 73. 

V u r 

■Ml 3 . I .M ■ 2 

air glass— ; . . glass* a[r= . 

2 o 

1 1 2.1 4 

or aa 4- as , . 

u 3 9 3 9 


Here, v^2 inches ; u = ? r = 3 inches ; 

2 _ J2 _ 1 . 

■ ' 3x2 u 3x3*3’ 

u = 2'25 inches. That is, the true dis- 


tance of the air bubble is 2*25 inches below the surface. 


75. Power of a Lens.— The power of a lens means its power of 
convergence in the case of a convex lens, or its power of divergence 
in the case of a concave lens. That is, it kidicates to what degree the 
lens can converge or diverge (as the case may bo) an incident beam 
of light. For a pencil incident parallel to the axis, the convergence or 
divergence produced by a lens will be greater, the shorter the focal 


length is. So the reciprocal of the focal 


length ^ ^ ^ is 


taken to 


indicate the power of a lens. A lens having a focal length of one metre 
is said to possess Unit Power, called a Dioptre. According to the 
opticians, the power of a convex lens is positive and that of a concav.. 
lens is negative. 

So to express the power of a lens in dioptres, express the focal 
length in metres, get the reciprocal and change the sign. 

Thus, a concave lens of 100 cms. focal length has a power of - ID, 
and a convex lens of -50 cms. focal length has a power of 1/4* 2Z). 

[Note that according to the new coTircntion o/ the change of 
sign is not necessary |seo Art. 67 


76. 


we have, 


Two Thin Lenses in Contact. — Let two thin lenses of focal 
lengths fx and /g be in contact on the 
same axis. Let 0 be a point source of 
light on the axis and P be its image 
formed after refraction through the 
first lens A (Fig. 83). Then if u and 
Vx be the distances of 0 and P res- 
pectively from the concave lens 

... • ... ... ( 1 ) 
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P' now serves as the object with respect to the second lens B 
(convex) which, therefore, produces an image at P. The lenses being 
thin, the distance of P* from B can be taken to be Vi . If v be the dis- 
tance of P from the lens P, we have 

^ - 1 ( 2 ) 

V /a 

Now considering the two lenses .4 and B together as equivalent to 
a single lens of focal length F, we have, 

- , , where u is the distance of the object 0, and v that 

V u F 

of the image P with respect to the combined lens. 

But on adding (l) and (2), 

1 + 1.. 

« /. A ’ 

1 


we get, “ - 

* V 


1 

F 


+ i 

ft r* 



. N.B. InFig. 83 W, L, and 7;* 
are twp concave lenses in contact 
having focal lengths /i and /a res- 
pectively. Suppose for the object P, Qi is the virtual imago formed by 
the lens L^, This virtual image serves as object so far as the lens 
g &2 is concerned, by which the final virtual image Qz is produced. 
Proceeding as before, it can bo shown that if F be the fooal 

length of the combined len.s, • 

That is, the power of two thin lenses in cojitaot is the sum of their 
powers. Thus the combination of two lenses acts like a single lens 
of focal length P which is called the equivalent lens. 

Example. — What is the poiver of a lens which^ when combined with a convetging 
lens of focal length 35 cnis , 7cill produce a combination of poiccr of 2 dioptres. 

The power of the converging lens is — dioptres ; 

2 = 4 + p, where p is the power of the other lens ; -2. 

The negative sign shows that the lens is concave and has a focal length /, 


where 2 = ~~f ' 


/= 50 cms. 


77. Practical DetermiDation of Focal Length of a Lena. 
<a) Convex Lena : — 
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(1) Direct Method. — Point the lens towards a distant object, 
say a window at a largo distance or, better still, the sun ; and 
move it towards a white wall or a paper screen held behind it. 
The distance from the centre of the lens to the screen gives the focal 
length of the lens. * 


(2) U-V Method. — A convex lens h (Fig. 84) is mounted on 



a suitable vertical stand. Place a lighted 
candle C on one side of the lens, and a white 
card -board screen S on the other side. Adjust 
the height of the candle so that the flame is on. 
the axis of the lens. Move the screen backwards 


and forwards until a sharp inverted image of 
the llame is obtained on the screen. Measure 


the object and image distances from the centre of the lens with a metre. 


scale, and find out the value of fhy using the equation, 


- *= — where v is negative in^the present case. 

w V f 

Eopeat this several times and calculate the mean value of /. Draw 
a graph with u and v. The curve will be a branch of a hyperbola 
(Fig. 85). 

The experiment can also be performed by exchanging the positions 
of the candle flame and the screen by two pins fixed on two stands. 
Looking at the imago of the object-pin from the other side of tho lenr 
the position of the image can be located by avoiding parallax 
between tho second pin and the image of the first pin. 

(3) Focal Length from Graph. — (i) Tho graph obtained by plotting 
u and V (using equal scales on the two axes) is shown in Fig. 85. This 
is a branch of a hyperbola. A line OP drawn from the origin 0 making 
an angle of 45° with the axis of X or Y will meet the curve at the point 
P. This is a straight line for which ib — v. The point P will bo 
equidistant from the two axes (X and Y). The value of this perpendi- 
cular distance (:r or y) will he equal to 2/ of the lens, from which 
/ can be calculated. (That is done in the same way as in the ease of 
concave mirror, Art. 39). 


Note. — If, however, equal scales are not used on both the axes or 
if one of them does not begin from f>, then take two points on the 
graph having equal values for both the X and 1" co-ordinates ; join 
them and produce the straight line to cut the curve at a point P, the- 
perpendicular distances of which from both the axes will each bo 
equal to 2/. 
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(a) Another Method oi oh\> 2 Amng the \d\\iQ of/ from graph is to 
mark off the values of u 
along one axis and the values 
of V along the other axis. 

^he corresponding points on 
the axes are then joined by 
straight lines, as done in 
Fig. 85, and, if construction 
is carried out accurately, .all 
these straight lines should 
intersect in a single point B 
(Fig. 85) such that OH is 
inclined at 45° to the axis. 

The perpendicular distances 
•of this point from each of 
the axes, i.e. the co-ordinates 
of the. common point, give 
the focal length f (9’2 in 
Pig. 85). 

Proof — Consider any of 
the triangles like* 13'5,0,28’5 
(Fig. 85). Area of the whole 
triangle* sum of the’ areas 13'5, 0 and 28 5, /t, U. 

The area (13’5, 0. 28’5) “ h uv ; area ( 13'5, A’, 0) - fv ; 
area ( 11. O) =• 1 fii. . hm = ifu + i fv ; 

* Or, ^ ^ : This is true. 

f V u 

The co-orrlinates of 11 are (/,/), and the point lies on the line 
joining u and v. 

(Hi) Draw another graph of I'n against I'u. The graph whl be a 
' straight line as in Fig. 37. Find the value of / from the g»aph in the 
same way as done in the case of concave mirror where the graph cuts 
each axis at a distance equal to 1//. 

(iv) Another graph may be drawn by plotting the values of u on 
the -tlT-axis and + on the F-axis. The graph is like Fig. 68. It 
will be seen that (v + u) is the distance between the object and its 
image, and from the graph it is evident that this distance dimini.-^hes 
rapidly as u increases, reaches a minimum value and then increases 
again. The value (v + w) is minimum, i.e. the object and image are 
closest, when each is equal to 2/ from the lens, or, in ofclier words, their 
distance apart (v + W is 4/ (vide displacement method (5/ note lit) 
below). So the values of the co-ordinates of the minimum point A of 
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the graph are 3/ and 4/, that is OA (or u ) " 2/ and OD (or v + m) • 4/ 
in Fig. 68. Thus / is found. • 

(v) Draw a graph with v/u (i.e. the magnification) along the y-axi& 
and u along the X-axis. This will be a curve like Fig. 85. From tha 
point on the X-axis, whose value is 1 (le. whefe draw a 

straight line parallel to the X-axis. This will cut the curve at a point 
(like F in Fig. 86). From P drop a perpendicular on the X-axis, the 
value of the intercept (or n) will be equal to 2/. For, the value of the 
X-co-ordinato of the point P“1 ; or v/u^l ; or v^u. But when 
we know that each * 2/, so u = 2/. Thus / is found. 

(4J Plane Mirror Method. — Another simple method is to place a 
plane mirror upright behind the lens L mounted on a stand (Fig. 86). 

A pin P is clamped in front of the lens Ij 
with its head very nearly on the principal 
axis of the lens. The pin is then moved 
backwards and forwards in front of the 
lens until say, at FQ^ -there is no parallax 
between the pip and its inverted image 

P'O'. 



Fig. 86 


The position PQ gives the focus of 
the lens. For, the rays diverging from 
the object at this position will be rendered! 
parallel to the axis and after emergence from the lens will be incident 
normally on the mirror but will bo reflected along the same path and 
after refraction by the Ions will converge at the same position. 

The distance of the pin PQ at this position from the optical centre 
of the lens will give the focal length of the lens. For an equi-convex 
lens, this distance is equal to the distance of the pin from the 1st sur- 
face of the lens plus half the thickness of the lens. 

The distance of the lens from the mirror is immaterial. So the 


plane mirror may 
lens placed on it, 
adjusted in height 
object-pin is found. 

Screen 


also be placed on a horizontal platform and the 
and a pin attached horizontally to a stand may be 
until a real inverted image coincident with the 


Object 


Fig. 87 

two positions Z^i, of 


(5^ Displacement Me- 
thod. — If in the u~v me- 
thod [Art. 77 (2)J the screen 
and the object are placed at 
any fixed distance greater 
than 4 times the focal 
length of the lens it will 
be found that there are 
the lens (Fig. 87^ for each one of which a 


L. 
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sharp real (inverted) image may be obtained on the soreen. If d be 
the ditstance between the object and the screen, and x the distance 
between the first and the second position of the lens, called the ^ 
^displacement of the lens, the focal length of the lens is given by 
the relation, 


/- 


U 


Proof : — We have, \ - = - — + — , in case of a real imago formed by 
f V u 

a convex lens ; uv^f(u + v)‘^fd ... ... ... (1) 

In the second position, when the lens is shifted through x, 
we have similarly, iu + .rXr -x)^fd ; 

or uv + (v- n) x - .r® => fd ; or (v - u).t - j; ® * 0, since nv **fd, 
from (.1) \ or x^^v-u. But {v - = (i; + u)’^ - iuv ; 

f i. e, x^^d^-^fd ('«* u-\rv^d, and2^v=/d.) 

• ^ 4d * 


[Note. — {i) This' method does not involve any error due to an 
incomplete knowledge of the position of the optical centre of the 
lens. 


(ti) Since we have x^Jd^-^fd, 

If X is fco be veal, d^'>ifd ; i. e. d'J>^f. 

Therefore, for the success of the displacement method, the 
object and the screen must be placed at a distance greater than 
4 times the focal length of the lens. 


(Hi) It should be observed that a limiting position is found when 

.... , i.L ^ ^ 

the two image positions coincide, i.c. when x‘=0 ; tnon/" ^ I 

or d * 4/ ; in this case, there is ordy one position of the lens giving 
a real image.] 

(6) The focal length can also be calculated from the formula. 


Art. 74J 


= \ (eq. 4, Ar 

by measuring the radii of curvature of the two faces of the lens by a 
spherometer, knowing the value of the refractive index of the 
material of the lens and giving proper signs to and rg. 
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(b) Concave lens : — 

(1) Combination Method. — Tho image in * the case of a 
concave lens is always virtual ; so it cannot bo received on a 
screen. In order to get a real image, the given concave lens is 
combined in this method with a suitable convex lens, i.e. a lens of 
greater power, to make tho whole system converging. After this, 
proceeding just as in tho case of a convex lens, the focal length of the 
combined lens can be determined. 

Now, knowing the focal length of the convex lens used in the 
combination, the focal length of the concave lens can be determined 

from the relation, \ + / , where /i is tho focal length of the 

' J 1 J2 

convex lens, and /a that of the concave lens. With proper signs 
it becomes, 

1 = ^ 111 
~ p~ ■ /. 7« ’ ft ~ p‘ 

[Note, (i) To get a real image with tte combination, the focal 
length of the convex Ions should be less than that of the concave lens, 
i, c. the power of the convex lens should be greater. , 

(a) If P, Pi, and Pa represent the powers of the combined lens, 
convex lens and the concave lens respectively, tho above equation is 
given by P =■ Pi + P2 •] 

(2) Auxiliary Lens Method. — When the power of tho convex 
lens is less than that of the concave lens it will not be 

possible to receive an image on the 
screen when they are combined. In 
tliis case a sharp image y, of the 
source P is first of all obtained on 
the screen by the convex lens L\ 
(auxiliary lens) alone, or the position 
of the image is located by placing a pin at Qi and avoiding parallax as 
explained before. Keeping the positions of P and fixed, the given 
concave lens is then interposed between and y,. and a new 
position of image is obtained at a somewhat greater distance y2 (Fig. 
88 ). This is due to the fact that the converging rays after passing 
through tlie lens Lx fall on the lens L2 by which they’’ are a little 
diverged. 

Reversibly, rays of light from y2 will appear to diverge from Qx ; 
hence yi is considered as the virtual image of Q2 with reference to the 
lens Lfl, where PraQg and L2Qx “ v, both u and v being positive. 
Hence/ is calculated from the general formula for a lens, which will 
be positive in value. 
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Note that the image of will ha obtained only when the distance 
fjz Qi is less than tha focal length of the concave lens Ijq, otherwise 
the light, after passing through /.21 will diverge from a point be- ■ 
hind L2. 


Questions. 

Art. 65. 


1, What is the difference in the hcluivioiir of a lens and a prism ? 

(Pat. 1937) 


Art. 66. 


y. Draw neat diagrams to illustrate the following : — 

(a) Formation of virtual image in a concave inirror ; (h/ phenomenon 
of ‘total reflection’ in a ])rism ; (c) the position of ‘optical centre’, in the case 
of a double convex lens. (See also Arts. 37 to 52) 

Art. 67. 


3. What is meant by focal length of a convex lens ? 

An electric light is distant 6 ft. from a wall. A convex lens gives a sharp 
image of the light on tin*. V/all, when it is held 2 ft. away from the light. A 
second sharp imago is obtained on the wall, when the lcn< is held 2 ft. away 
from the wall. Determine the focal length of tlie lens and compare the mag- 
nifications produced in the two positions of the lens. (0. IT. 1949) 

4. Show how to find, by a geometrical construction, the position of an 

image formed by a (thin) double convex lens. (C. U. 1914, '15) 

Arts 68 and 69 


® 4. (a) Obtain n fovnntla connecting togetlicr the position of an object and 

its image formed — real or virtual — hv direct refraction through a convex lens. 
Explain “conjugate Foci”. (C. IT. 1931. '35, ’47 ; Pat. 1926, ’46) 


5. Establish for a lens the eq. 


- , whore /t, i\ and liave 

« f 


the usual signifieancc. Also show that, in a real imago formation with a con- 
vex lens, the miniiimm distance between the ub|ccfc and its Jinago is 4 /. 

[For the second part see Art. 77 a (5)] 

6. A rod 5 cms. long is hold in front of a conve.x lens and forms an image 

25 cms. long upon ji screen (placed parallel to the rod) at a distance of 100 
ems. from the lens. What is the focal length of the lens ? (C. U. 1918) 

[Ann : f— —25 cms.] 

7. An object 6 cms. high is placed at a distance of 40 cms. from a thin 

convex lens and an inverted image of height 4 ems. is formed on the other 
side of the lens. Find the focal length of the lens graphically. Verify your 
result by calculation. (Dac. 1934) 

[Arts : 16 cms.] 
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7^a). The real image formed by a lens is twice the size of the object- 
and 18 cms. from it. Find the focal length of the lens. 

Deduce the distance between the object and the image when the image- 
is half the size of the object. (C. U. 1947)*, 

[Ana : /- 4 cms., D=* 18 cms.] 

8. A convex lens of focal length 12 cms. and a concave lens of focal 

length 10 cms. are placed co-axially at a distance of 10 cms from each other. 
An object, which is nearer to the convex lens on the common axis of the 
two lenses, is placed 48 cms. away from the convex lens. Find the position, 
magnification and nature of the fimil image formed. (Pat. 1942) 

[Ann : The final image distance is — 15 cms. with respect to the concave 
lens and away from the convex lens, i.e. it is nearer to the concave lens ; 
magnification = 5/6 ; nature = real, inverted.] 

9. An object is placed in front of a convex lens ho that a real image 

of the same size is obtained. It is then moved 16 cms. nearer the lens, 
when the image, still real, is three times as large as the object. What is- 
the focal length of the lens ? [L. M.] 

r Ana : 24 cms.] 

9(a). A convex lens is adjusted to form an image of a candle flame on a 
wall. It is then found that by moving the lens 20 cms. nearer to the wall 
a sharp image is again obtained exactly one quarter the length of the first. 
Find the focal length of the lens. (Pat. 1946> 

Art. 69. 

10. If an observer’s eye be held close to a convex lens of 3 cms. focal' 
length to view an object at a distance of 2'5 cms. from the lens, show that the 
magnifying power is 6. Illustrate your answer by a neat diagram. (C. U. 1931)?. 

11. Find the size of the image on the siiuared paper provided, the size 
of the object (placed symmetrically with its centre on the axis) being 5 cms.,. 
and its distance 30 cms. from the lens. (The focal length of the lens™ 10 cms.) 

[Ans : . Size of the image “2’5 cms.] (0. U. 1914) 

Art. 70. 

12‘. A convex lens of focal length 10 cms. is made to approach a rod of 
length 5 cms. placed perpendicularly to the axis of a lens. Show by means of 
a typical diagram, drawn to scale (on the squared paper provided), the changes 
in the nature and size of the image. (G. U. 1912, '16, '17, '19 ; Pat. 1921) 

18. Investigate with the help of diagrams, the conditions for the forma- 
tion of (a) a real image, (h) a virtual image, by a plano-convex lens. 

[Hints. — Proceed as in the case of double convex lens, for a plano-convex 
lens behaves like a double convex lens]. 

14. Describe with suitable diagrams the formation of image by a convex 
lens of an object placed at different distances from it. (Dac. 1983 ; Pat. ’42) 

15. An object is placed at a distance of 2/ from a convex lens of focal 
length /. The rays, after traversing the lens, - are reflected from a convex < 
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mirror and again refracted by the lens, forming a real inverted image coinci- 
dent with the object. If the distxnce between the Jena and the mirror is a, 
show that the radius of curvature of the mirror is (Dac. 1927). 

[Sec Art. 39(l)ft] 

“Art. 71. 


16. You are given a lens through which you can look but which you are 

not allowed to handle. What tests would you apply in order to determine 
if it is concave or convex ? (Pat. 1929, '40)' 

Art 73. 

17. Prove that for a concave refracting surface ^ ^ 

V u r 

where is the refractive index, and apply this formula to obtain a formula for 
the focal length of a lens. (All. 1921) 

Art. 74. 

18. Obtain a general formula for refraction at any single spherical 

surface. Hence prove the formula for a thin lens. (All. 1946) 

^ 19. The radii of curvaiire of the surfaces of a double convex lens arc 

20 cins. and 40 cins., and its focal length is 20 cms. What is the refractive 
index of glass ? (C. U. 1985) 

[Alls : 1-667] 

Art. 75. 

20. What do you mean by the power of a iens ? (0. U. 1926) 

Art. 77, 

21. Draw a graph showing the relation between the position of object 
^nd image in a convex Jens from the following observations. 

w- 18*8, 20 9, 22, 24, 26, 28, 30, 32. 
i;-41-5, 33-5, 30, 27, 287, 22, 21. 

Hence find the focal length of the lens. (Pat. 1921) 

22. Draw a curve showing the relation between the distance of an object 

and that of its image as measured from a lens, as the distance of the object is 
progressively varied. Take, for simplicity, the case of a convex lens of negligible 
thickness. (Pat. 1923) 

23. Describe two methods for determining the focal length of a thin con- 
vex lens. Give neat diagrams. (Pat. 1931, ’36 ; C. U. '11, ’17) 

24. Explain clearly how you would experimentally determine the focal 

length of a concave Ions. (C. U. 1933 ; Pat. ’29)' 

25. A luminous source and a screen are placed at a fixed distance apart 
along a scale and a convex lens can be moved between them. Explain how you 
will utilise this arrangement to determine the focal length of the lens. If a 
and b be the sizes of the image for the two positions of tlie lens, show that the 

« size of the object is equal to^/^5. (All. 1925) 
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[Hints. Sen Art. 77a (5). Let « be the size of the object. Then in the 
first position s/a= ujv \ or s^axulv ; and in the second point slh^vln ; or 
« 6 X vju : . ■ . ; o/' .9 ■= ^ ai.] 

26. A luminous object is kept at a fixed distance from a screen, and with 
the help of a convex lens an imago is obtained. The Icns'is then moved and' 
another imago is obtained on the screen, {a) If the distance of the object 
from the sc reen be 9 in., calculate the focal length ; (h) if the sizes of the 
images I)c 2 and 8 inches, calculate the size of the object. (All. 1931) 

[Hints. See Art. 77a (5). The size of the object* ^/■2 x 8 = 4 in. Again 
olu = 8/4 « 2 . ■ , y * 2n. We have'v + w= 9 ; or, 2a+ ii - 9, or ii *= 3 in., and 

y*6. Hence /** 2 in.] 


CilAPTER VI 

Optical Instruments : Defects of Vision 

78. Simple Microscope. — If an object be placed between a con- 
vex lens and its principal focus, an erect, magnified and virtual image 
will be visible to an eye placed behind the lens. The convex lens, thus 
used, forms a simple microscope. This is popularly called a 

Magnifying glass or a Reading glass (Fig. 89). 

An object becomes visible when it forms an 
image on the retina of the eye. The apparent size of 
the object is proportional to the size of the image 
formed on the retina, and the size of the image 
depends upon the angle subtended at the eye by the 
object. It should bo clearly remembered that, /or the 
greatest advantage in vision, the angle subtended at 
the eye by the object should he as large as possible. 
This angle increases as the objeot is brought nearer 
to the eye, and so the object appears to be larger. 
But as we cannot see objects clearly when too near 
the eye, there is obviously a limit to the distance 
up to which an object can be brought near the eye, if 
clear vision is to be obtained. This distance is known 
Fig. 89— as the least distance of distinct vision (D). For the 
Reading glass normal eye it is about 25 cms. 
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In Fig. 90, OQ' is the least distance of distinct vision. So the 
eye without the lens cannot 
see clearly the object placed L 

•at Q. For clear vision the 
anglo subtended at the eye by 
the object PQ is maximutn 
when placed at Q'. If the 
object be brought nearer, the 
subtended angle would be 
larger, but the image would be 
indistinct as for clear vision Fi^'. 00 — Simple Microscope 

0(/ is the least distance. This happens when the object is placed at 
Q. But it will be clear from Fig. 90, that by means of the lens, 
the imago of P() is formed at P'Q\ and tliat both tho object and the 
image subtend tho same angle at tho centre of the lens, i.e. at tho 
eye placed close to the lens. So the image appears both distinct and 
magnified. Thus tho effect of a simple microscope, or a simple 
' magnifying glass, is to onjftfio an object to bo brought very close to the 
eye and yet to bo distinctly visible. 

Magnifying Power . — It is defined as the ratio of the angle subtended 
at the eye by the irndge to that subtended by the ob;iecl when placed at 
the least distance of distinct vision. 

For distinct vision the angle subtended at the eye by tlie image 
= L P'O0' = tan LP'Of/ (the angle being small is taken as proportional 



to the tangent of the angle = 


size of image 


(Fig. 90). Bimilarl.v 


tho angle subtended by the object, when placed at the least distance of 
distinct vision = /_ P 1 0(f = tan L P i OQ' 

__ P^Q' _ PQ__ size of object 
OQ' " OQ' ^ I) ~ ' 

Therefore, the magnifying power, according to the definition, 

P' Q' PQ P'f/ size of image ti 4 . r i ^ 11 

in= “ • i. . But for a lens, 

OQ OQ , PQ size of object u v u f 


V 'V . 

Multiplying every term by r, = 1 - - . Since tbo lens is convex 

u j 

and the image is formed at the least distance of distinct vision, we 
have, v*jD, and /is negative ; 
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The magnification in the case of a simple microscope is limited, 
because a powerful lens must be thick and very thick lenses can not pro- 
'duce sharp images and then the images are also curved and distorted. 

Best position where the eye is to be placed. If the distance of 
the eye from the lens is a, the magnifying power will be given by, 


m 




1 + 


D-a 

/ ■■ 


From this it is clear that the best position of the observing eye will be 
when m is maximum, i.e. a = 0. In other words, the eye should be 
placed as close to the lens as possible. 

Achromatism of a Magnifying Glass. 

With the magnifying glass different coluured images should be 
produced due to dispersion. But if the eye is placed very close to the 
magnifying glass, no chromatic error is produced. Since corresponding 
points of the image and the object and the centre of the lens (e.^., 
P\ P and O in Fig. 90.) lie in the same straight line, the visual angle 
subtended at the eye by the red image is the same as that subtended by 
the blue image. The same is the case for every other colour. Thus the 
images of different colours subtend the same visual angle at the eye 
and are of the same size. Therefore they superpose on each other on 
the retina and the image perceived is achromatic. 

Field of view. — Through every optical instrument a definite field 
of view is seen, which is expressed as the angle subtended by the 
extreme portions of the field at the instrument. 

Example —Ftni the focal length of the lens lohich would produce a magni- 
fication of 5 for au’cye of which the least distance of distinct vision is 25 cms. What 
kind of lens is it ? 

Here vlu — 5; 25lu = 5; u = 5. 

rr,, 1 1 1 1 1 , . 

Then _ whence /= —6 25 cms. 

f V n 25 

The negative sign means that the lens is convex. 

79. Compound Microscope. — This instrument is used for pro- 
ducing much grea- 
ter magnification 
than is possible 
with a simple 
microscope. It 
consists of two 
convergent lens- 

^ systems 0 and O' 

Big. 91— Compound Microscope placed 

* co-axially in a tube at a distance from each other. The lens 0 is tur- 
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ned towards the object and is called the objective, while the lens O' 
behind which the eye of the observer is placed is called the eye-piece. 
The objective is of short focal length and short aperture. The eye-piece 
^is also of short focal length but of wider aperture. It can be slided 
within the main tube whereby its distance from the objective can be 
altered. The Microscope tube is fifted on a slider by which it can be 
moved as a whole towards or away from the object (P^)- 

In an experiment the microscope tube is so adjusted that the ob- 
lecb PQ is placed just beyond the principle focus {F) of the objective 
which thus produces a real, inverted and magnified image PQ' of the 
object. The eye-piece 0' is then so adjusted that the image P'Q' 
formed by the objective falls within the focal length of the eye-piece 
and the final image P"Q'\ virtual, magnified and inverted (erect with 
respect to P'Q‘ but inverted with respect to the object PQ) is formed 
at the least distance of distinct vision for an eye placed just beyond 
the ey.e-piece. 


In an actual instrunfhnt, the objective as also the eye-piece is 
formed of a number of lenses so as to avoid the defects which result 
from the use of a single lens, namely the appearance of colour (chromatic 
aberration) and curyature and distortion of the 
image (spherical aberration). In high power 
microscopes used for biological purposes, there 
are usually two or three objectives of different 
magnifications, any of which can be used according 
•to necessity with the same eye-piece. 

The magnification in this case may be very 
large. The area of the image may be even a mil- 
lion times that of the object. The image is there- 
fore considerably less intense and so there is an 
arrangement in high-power microscopes to strong- 
ly illuminate the object by light reflected from a 
mirror mounted below the stage O (Fig. 92) on 
which the object is placed. 


For measurements between parts of the image 
•compound microscopes are usually fitted with 
isross- wires. These consist of two very fine 
fibres (spider lines are best for this purpose) fixed 
in a metal ring in positions at right angles to each 
other. These cross-wires are placed where the 
image is produced by the objective so that the final 
image and the cross-wires are seen through the eye-piece simulta- 
neously without any paralha. As a matter of fact in focussing an 



Fig. 92 — Compound 
Microscope 
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object, the cross-wires are first focussed (i.e. the distance of the eye-piece* 
from the cross-wires is altered until the cross-wires are placed at the 
least distance of distinct vision) and then putting the eye- piece (contai- 
ning the arrangement of cross- wires) as far wid^ apart from the 
objective as possible in the microscope tube, the tube as a whole with* 
the objective facing the object is adjusted in position until a distinct 
image coincident with the cross-wires {i.e. without any parallax with 
respect to the cross- wires) is obtained. 

Magnifying power. — Magnification by the object-glass, 


mi 


P'(/ _ y 
PQ n 


(without considering signs). 


The second magnifi- 


cation is due to the eye-piece and is obtained as in the case of a simple 
microscope by the following, 

7) 

p/g/ “ma * 1 + ^ (where / is the focal length of the eye-piece). 

/• The total magnification m = P'*(/*lP'(/ ^ P'q'IPQ' 

/ D \ V 

= l 1+ « j . • 


Conditions for Large Magnifying Power. —The equation for mag- 
nification shows that m is large when, 

(i) u is small, which moans that the focal length of the objective 
should be small ; (ii) / is small, which means that the focal length of 
the eye-piece should also bo small ; (iii) v is large, which means that 
the eye-piece and the objective should be separated as far as possible. 


Examples. — (J) Tf the focal lenqlhft of objpct- glass and eyepiece of a viicroscope 
lare 2 cms. and 5 cms. respectively ^ and the distance helnuen them is 20 cms , lohat is 
the distance of the object from the object glass lohen the image seen by the eye is 26 cms. 
'from the eye viece ? 

Eye-piece : Here image for eye-pieco is on the same side as the object.. 
So V is positive, v = +26 ; /= - 5 ; ? 

Then ^ “ % ■; whence w = 25/6. 

25 n — 5 


Objective : v' = 20 - -V = cms. Here u = — ¥ ; - 2 cms. ; ii = ? 


^ _ 1 ^ 1 
-95/6 " -2 


whence u^2'29 cms. 


(j0) The focal length of the object glass of a microscope is ^ an inch, that of 
the eyC-piece is 1 inch. Taking the least distance of distinct vision to be 12 inches, 
find the distance between the object-glass and eye-piece when the object viewed is J of 
an inch from the object glass. {Pat. 1942} 

Objective : u- + J ; /= - J ;-v'= ? 
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Then - — = - 2 ; or - — in. 

11 12 

Eye-piece : v— + 12 ; /— - 1 ; ? Then — - — — = — 1 ; or = — - in. 

12 'll lo 

/. The distance between the objective and eye-piece*v' + j + “2^^ in. 

(3) The objective of a compound microscope has a focal length of half an inch 
and is placed at a distance of 2| inches from the eye-piece. What must he the focal 
length of the eye-piece if the final image of an object^ placed ^ inch from the object- 
glass, IS formed at the least distance of distinct vision, which t& 10 inches. 

{Pat. 1941) 

Objective : w* + } ; v = ? /■ ■ — 

14 3 

Then “"2 ; whence v= — ^ , 

V 6 2 

i. e. the image is at a distance of behind the objective. 

. The object distance of the eye piece * (2^ — Ij) = l'^ 

Eye-piece : ti ; /-■ ? 

Then whence / ~ 1 ^ 

80. Telescopes are instruments by which images of distant 
objects can be seen. 


The Astronooiical Telescope. — It consists of two convex lenses 
%ioiinted co-axially in a tube (Fig. 93). Here the objective 0 has a 
large focal length and large diameter and the eye-piece E has a 
short focal length. The eye-piece should be large enough to cover the 
pupil of the eye, but it should not 
be very large, for the light which 


, does not pass into the eye is lost, 
but, on the other hand, the objec- 
tive has to collect sufficient light 
to form a bright iknage and so it 
must be of large diameter. As the no a i. * i m i 

instrument is meant for viewing 

distant objects, the rays falling on the objective may be considered to 
be parallel, and so a real, inverted and diminished imager PQ is formed 
at the focal plane of the objective. The eye-piece, by a sliding adjust- 
ment, is so placed as to have the image PQ formed just within its focal 
length, and the final image P^Q\ virtual, magnified and erect with 
respect to PQ but inverted with respect to the object, is formed by the 
, eye-piece at the least distance of distinct visioti. 

9 (II) 1 
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To focus the telescope for infinity, the eye-piece is placed so as 
to have the image PQ formed at its focal plane. So the rays 
diverging from the image PQ, due to the objective, fall on the eye- 
piece and emerge parallel. An eye placed olose to the eye-piece sees 
at infinity an image P'Q' virtual, magnified and erectTwith respect to 
the first image PQ, Since the first image is inverted, the final image 
P^Q' is also inverted with respect to the object. The length of the 
telescope is then equal to the sum of the focal lengths of the objective 
and the eye- piece. The instrument is. in this case, said to be adjusted 
for normal vision. 

Frequently the instrument is used to have the final image of a 
distant object formed at the least distance of distinct vision, as in 
Fig. 93. In this case the eye-piece is nearer the objective (i e, it is 
pushed inside) than is the case for normal adjustment. 

To focus the instrument on near objects, with the final image at 
infinity, the eye-piece is to be moved away from the objective. 

Astronomical telescopes are usually fitted with cross-wires for^ 
purposes of measurements between the parts of the image. They are 
placed at the position where the real image is formed by the objective 
so that the final image and the cross-wires can be seen through the 
eye-piece simultaneously without parallax. 

This telescope is used for viewing heavenly bodies such as the 
moon, stars, planets, etc., and hence is called an astronomical telescope. 


Magnification. — The angle subtended by the object at the objec- 
tive is and since the object is at a great distance we may consider < 
to be the angle subtended by the object also at the eye piece. The 
angle subtended by the image at the eye-piece is P, Hence magnifica- 
tion is given by, 

an gle subtended by im age ^ ^ ^ f^PEQ 
angle subtended by object L POQ 


PQlEQ 

PQIOQ 


tan PEQ 


(as the angles are small) 


tan POQ 
OQ ^ Foc al length of objective 
EQ Focal length of eye-piece’ 


in case of normal vision. 


Hence, magnilioation — y-, where F and / are the focal lengths 
of the objective and the eye-piece respectively. 


This is. the case when the object is at infinity, and the image 
PQ due to the objective is formed at the focal plane of the eye-piece. 
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The m^igiiifieBition is, however, increased by focussing such that the 
final image PQ' is at the least distance of distinct vision. 

Note — (a) It is obvious from the expression for magnifying power * 
« that /or large magnification, the objective should be of long focus and 
the eye-piece should be of short focus. 

It should be noted that the principle of this instrument is similar 
to that of the compound microscope, but to meet the difference in ppr- 
pose, modifications are made. Both these instruments consist of at 
least two convex lenses of suitable focal lengths. 

(b) An image, when highly magnified, is proportionately reduced in 
brilliancy. So in order that the telescope should be able to grasp as 
much light as possible from the object, object glasses of large dia- 
meter are used and this is the reason why astronomical telescopes are 
made large. Moreover if the diameter is large, the resolving power will 
be large, i.e, finer details of the object will he observed, 

Ezarmples — (i) In a simple form of astronomical telescope the focal length of the 
■object-glass is 30 inches, that of jfie eye-piece ts 2 inches. Calculate the magnifying 
power when the final iyimije of a distant object is seen (i) a long way off, (it) at a 
distance of 1 2 inches. Find the distance between the two lenses in each case. 

(i) Since the "final image ia seen a long way off, the imago due to the 
objective is formed at the prinoiplal focus of the cye-piece. Hence, in this case, 

magnifying power = ^ ~ “15. 

The distance between the lenses = 30 + 2 = 32 inches. 

• (ii) In this case the distance of the final image due to the eye-piece is 
12 inches. We have, in the case of a lens, 

111 

— . Here + 12 ; /* — 2 ; m = ? 

V u f 

11 1 , 12" 

or ^ ^ ~ ; whence w . 

12 •u 2 7 

F 

Hence the magnifying power — --“30/V = 17*5. 

Since 12/7" is the distance of the image, due to the objective, from the eye- 
piece, the 'distance between the two lenses “30+ 12/7 =*30+ 1’71“31'71 inches. 


2. A telescope is formed of two convex lenses of 10 cms. and 1 cm, respectively. 
If the telescope is focussed on a scale one metre from the objective and the final image 
formed 25 cms, from the eye, calculate the magnification produced. * (Pat, 1944) 

In order to form a final (virtual) image at a distance of 25 cms .9 the 
object (i.e. the real image formed by the objective) must be at a distancot 
say, u from the eye-piece, when we have, 


1 

25 


~ ; whence 
u 1 


25 

26 ' 
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100 

‘9 


Again, the distance v (OQ in Fig. 98) is given by, 

« 100 “ l‘o - « " 100 • 

100/25 _5 

i “ 9 /26 9 * 

81. The Terrestrial Telescope. — An inverted image 
by an astronomical telescope is of little use for observing 


Total magnitication, 



produced 
terrestrial 
objects For example, erect 
image is esential if the 
instrument is to be used 
by navigators, surveyors, 
etc. 

This difficulty of the 
astronomical telescope is 
obviated in the terrestrial 
1 telescope (Fig. 94) by the 

hig. 94-rerrestrial Telescope addition of a convex lens 

in the eye-piece so as to convert the inverted image into an erect 
image, though the length of the instrument is thereby inconveniently 
increased. Some light is reflected and lost at each glass surface, so 
the image becomes fainter by the use of the extra lens. 

Due to the objective (which is not shown in the diagram), a real, 
inverted image pq is formed (Fig 94). A convex lens L, which is the 
erecting lens, is interposed between the objective and the eye- piece in 
such a way that the distance of the image pq from the auxiliary lens 
is twice the focal length (2/) of the lens L. Thus another real, inverted 
image J)'q\ equal in size to joq, is formed at the same distance on the 
other side of the lens L. This image being inverted with respect to pq 
is erect with respect to the object. The eye-piece E is so adjusted that 
the image pq' is formed just within its focal length, which is looked at 
through the eye- piece E, and a virtual magnified image p'q" is seen at 
the least distance of distinct vision. 

Instead of one lens L, a combination of two lenses A and B 

(Fig. 95), called an 
erecting eye-piece, is 
also sometimes used. 
The first lens A of the 
combination is placed 
at a distance of its 
focal length from the 
image PQ and the 
rays emerge as para- 
llel beams and fall on B which brings them to a real focus at P'Q^. 
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Thus a real, erect image is obtained just within the focial length of the 
lens E, and so a virtual, magnified image is finally obtained. The , 
lenses A and B are placed apart by a distance equal to twice their 
« focal length. 

82 . Galileo’s Telescope. — The disadvantage of the great length 
of a terrestrial telescope, described in Article 81, is avoided to some 
extent in the Galileo’s telescope, which is the earliest form of teles- 
cope. It consists of a convergent objective 0 of large focal length 
and a concave lens 0> as the eye- piece. A real, inverted image P'Q' 
of the object would have been formed at the focal plane of the objective, 
but the concave lens intercepts the path of the rays before they 
could reach the 
focus, such that the 
rays emerge from it 
as a practically 
parallel pencil, and 
^ the eye sees a vir- 
tual, erect and macj- 
nijied image Fig* 96 — Galilean Telescope 

at infinity (Fig.* 96). 

The eye should be plcsced as close to the eye-piece as possible, for the 
rays being divergent from the eye-piece, the field of view diminishes 
as the eye recedes from it. As the rays emerge as a parallel pencil 
due to the interception of the eye-piece at O'Q' is the focal length 
^f the eye-piece. Similarly, OQ' is the focal length of the objective 0. 

Magnification : — 



As in the case of the astronomical telescope, the magnification is 
given by, 

L L P'O'Q' tan P'O'Q' ^ 

— Troqf— teoq p. , (th. .ngi.» i»ing ...rii) 


P’Q' I ^ QQ__ — Focal length of objective 
o' Q' ; o' Q' 0' Q' Focal length of eye-piece 



, (when the eye-piece is focussed for infinity). 


Astronomical and Galilean Telescopes Compared. — 

(a) Since the focus of the eye-piece coincides with the focus of 


the objective, the distance between the two lenses in a Galilean teles- 
cope is equal to the difference between their focal lengths, i,e. {F^f ) ; 
in an astronomical telescope this distance is equal to the sum of 
their focal lengths, i s. (P+/). A Galilean telescope is thus shorter 
^ in length, which is a distinct advantage over the other, types as it 
^ causes less loss of light. 
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{b) In a Galilean telescope the image formed by the eye-piece is 
.erect and so it is best adapted for viewing terrestrial objects. In an 
astronomical telescope the final image is inverted, so this type can be 
used only for astronomical work. p 

(c) The field of view and the magnification of an astronomical 
telescope are much greater than those in the Galilean type. In the 
Galilean telescope, the eye-piece being a divergent lens, the image 
is practically formed by those rays only which pass near about 
the centre, the marginal rays being mostly lost, and for this reason, 
the final image is faint, i.e. the field of view is limited. 

(d) Gross-wires can not be fitted in the Galilean telescope, for 
the eye piece being a divergent lens there is no position where the 
cross-wires may be placed such that the final image formed by the 
eye-piece and the image of the orosswires will be coincident in 

position. The focal plane of the objective 
is outside the instrument and no cross-wires 
can be placed there if the eye is to be 
placed immediately behind the eye-piece. 

Opera-Glasses — The ordinary Opera- Glasses 
(Fig. 97) usually consist of a pair of Galilean 
telescopes mounted side by side with their 
axes parallel. The magnification in this case 
v Arr n i-fi is small owing to the shortness of the tubes. 

Fig. 97-Opera.Gla88e8 distance of the two telescopes may be 

altered to suit the two eyes of the observer. ^ 

Example, /n an opera-glass the focal length of the objective ts 4 inches, that of 
eye-piece in. What will he the magnifying power and also the distance between the 
objective and the eye-piece when focussing a distant object ^ {All. 1926) 

F 

The magnifying power is , where F is the focal length of the objective 

and / that of the eye-piece. • ' . The magnifying power = 4 ^ " t- 

In this case, the distance between the two* F "/= 4 — f 2^ in. 

^ 83. Reflecting Telescope.— In Newtons 

^ — A reflecting telescope (Fig. 98) a parallel beam of 
M. light from a distant object falls on a concave 

1/ — mirror ilf i and, after reflection, a real, inverted and 

A diminished image would have been formed in its 

^ focal plane, but before reaching it the rays are 

intercepted by a small plane mirror inclined 
Fig. 98— Reflecting instrument by which 

Telescope image is shifted in a side tube, where it is 

viewed by means of the eye-piece E. The eye-piece is so placed that 
the image formed by the mirror is in its focal plane and thus a 


Fig. 98 — Reflecting 
Telescope 
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virbual and magnified image is seen afe infinity. The lOO-inoh 
reflector at the Mount Wilson observatory has the mirror made of glass 
silvered on its front surface. The largest reflector of this type is set 

at the California Institute of Technology where a 200-inoh Pyres 
mirror coated with Aluminium has been used. 

Advantages of a Reflecting Telescope. —fa) In a refracting teles- 
cope, objectives of large aperture are used in order to have a large 
amount of light, but due to the large aperture an appreciable portion 
of the light is absorbed by the lens. To avoid this, large concave 
mirrors are used where the loss of light by reflection is much less and 
so the image obtained is much brighter. 

(&) There is no chromatic aberration (Art. 105) due to refraction 
and so the image is quite sharp and free from colour defects. 

(c) It is more diflicult to make large lenses used in telescopes 
than to make reflecting mirrors. 

{d). By using a parabolic mirror spherical aberration may be 
^ prevented. 

84. Prism Binoculars (or Field Glasses)— These are essentially 
terrestrial telescopes in a compact form containing two totally reflecting 
prisms. It will be seen from the diagram [Fig. 99(a) I 
that rays from the olSjective first enter a prism and 
are internally reflected by it. They are again in- 
ternally reflected by a second prism after retraversing 
the length of the instrument and finally pass through 
^n erecting eye piece. Thus the rays from the 
objective travel thrice the length of the tube by 
means of the prisms before reaching the erecting 
eye-piece. That is, the distance between the objective 
and the eye-piece is increased without increasing the 
length of the instrument. So an objective of larger 
focal length can be used in this instrument. In the 
figure, the image formed by the first prism which is 
placed with the refracting edge vertical is inverted 
laterally, but not vertically, and by the second 
prism which is placed with its refracting edge hori- 
zontal, i.e. at right angles to that of the first prism, 
the image is inverted vertically, but not laterally. So 
the final image is upright and the correct way round. 

Thus the purpose of the terrestrial telescope is served 
in a short length. This is the best form of binocular. Fig. 90(a) — Prism 
Those intstrumenta are termed binoculars (Lat. Binocular 
him, two together + ocZi^, eye) as they are constructed in pairs, one 
for each eye. 
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Advantages --Here by using an objective of greater focal length a 

greater magnification is possible than 
in the case of ordinary opera-glasses, 
and by the arrangepient of prisms the 
objectives are placed farther apart 
than in opera-glasses by which a 
wider field and an increased stereos- 
copic effect are obtained. Fig. 99 (b) 
illustrates a modern form of prism 
binocular. 

85. Stereoscope. — A photograph 
of an object always gives a fiat ap- 
pearance because it is taken from the 
same angle. But if two pictures of an object are taken simultaneously 
by two cameras whose lenses are separated in the same way as our 
eyes, Le. from slightly different angles, and then if the two pictures are 
mounted side by side and looked through lenses or tubes so that one 
eye looks at one picture only, they will form in the brain a stereos- 
copic view, t.e. the impression of one picture with depth (as the 
object is actually seen). This is the action of the stereoscope. 



Fig. 99 (b) —Prism Binocular 


The action will be understood from Fig. 100. Here AB and A'B' 
are two stereoscopic pictures of the same object, i.e. photographs of the 
same object taken by a double camera having two objectives placed 

side by side at the same angular 
distance as the eye. The two pic- 
tures are correctly mounted on a 
card-board which is introduced into 
the stereoscope. This is a wooden 
box having two compartments in 
which the two pictures are to be 
housed. On the same side of the 
box, there are two holes, one for 
each compartment, in which two 
converging half lenses Lt, are 
fixed behind which the eyes of the 
observer are placed. The positions of the lenses are so arranged that 
rays coming from corresponding points Pi and P 2 of the two stereos- 
copic pictures, which enter the eyes after refraction through the lenses, 
form images which appear to combine into a single image at P. 

As the two photographs of the same object are taken side by side at 
the same angular distance as. the two eyes, the two images seen by the 
eyes appear to combine and. give the impression of only one object in 
relief, i.e, an object as actually seen. 





Fig. 100 — Stereoscope . 
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86. Magic Lantern (Optical Lanterki). — By means of thi^ "appiL- 
ratus a real, magnified image of a transparent object, usually a lantern 
slide, a film, or a drawing on glass placed inside a closed box is projec- 
ted on a screen so that it can be displayed to a large gathering. 

The following must be its essential parts (Fig. 101) : — 

(i) A Powerful Source (A). — If it is a carbon-arc lamp, the posi- 
tive carbon on which the orator is formed is taken to be horizontal and 
the other carbon-rod 
vertical in order that the 
full light produced in the 
-crater may pass through 
the apparatus. Lime light, 
acetylene burner or any 
other suitable source may Fig. 101— 0})tical Lantern 

be used if electric light is 

^.not available. A suitable {jpfiector may be placed at the back in order 
to turn the back-rays to the forv^ard direction. 

(iij The Condenser (C). — It consists of two plano-convex lenses 
placed with their curved surfaces facing each other. The convergent 
lens-system turns the divergent rays from the source into a convergent 
beam directed towards the transparent object PQ. It concentrates the 
rays to illuminate the object properly and is therefore called a 
condenser. 

(Hi) The Slide : — It is a photograph on a glass plate of suitable size 
or a film or a drawing on glass. It is put in a wooden frame which is 
inserted in a groove S in the lantern. It can be changed by drawing 
out the wooden carrier. This constitutes the object. 

(iv) The Focussing Lens (L) : — It is a convergent combination of 
lenses corrected for the chromatic and spherical defects. Its position 
with respect to the slide can be adjusted by means of a rack and 
pinion arrangement J), The action of the lens can be stopped by 
means of a cap which can be fitted on it. 

(v) A Vertical Screen (E) : — It should be preferably white. 

Action : — By the action of the condenser G the ’diverging rays 
from the source A are turned into a convergent beam directed 
towards the object FQ which is thereby uniformly and. strongly 
illuminated. The slide is put in an inverted fashion. The position of 
the slide is beyond the principal focus of the focussing lens L and so 
an inverted, magnified and real image PiQi of the inverted object c^FQ 
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(i.e, an ereot image) is produced on the distant scresD E. The focussing 
lens L is then slightly adjusted (i.e. moved forward or backward) by 
means of the rack and pinion arrangement D until the image formed 
is made very distinct and of the desired size. * 

Lantern slides are usually about 3'^ square and the size of the 
image on the screen may be as large as square. Thus the light 
passing through the slide is spread over an area 1000 times as 
great. Hence it is obvious that unless a powerful source of light is 
used the image will not be distinct. 

N. B. As the image thrown on the screen is inverted, so the lan- 
tern slide is to be inserted in an inverted position in order to get an 
erect image. 

87. Epi-diascope : — An epi-diascope (Fig. 102) combines the prin- 
ciples of a magic lantern and an episcopo. The episcope is a convenient 
instrument for projecting the images of opaque objects like ordinary 
diagrams, maps, pictures, and photographs og, a distant screen. Light 
from a strong gas- filled lamp, or arc-lamp a, having a concave reflec- 
tor B at the back is concentrated by the condenser C (vide Art. 86) 
on to a map or a diagram in a book placed on a table, called object table. 
Light from the object PQ then travels upwards through a focussing lens 
system L on to a mirror M with a silvered surface from which it is 
reflected and Anally focussed on a screen E. 

The mirror M is placed at 45^ 
with respect to the horizontal. The*^ 
object PQ is beyond the principal 
focu of the convergent focussing 
lens L and so a real magniAed 
image is produced on the screen E, 
By adjusting the rack and pinion 
arrangement jD, the distance bet- 
ween L and PQ may be altered until 
the image PiQi is made distinct 
and of the proper size. 

When an episcope is also Atted 
to project lantern slides, like an 
ordinary magic lantern, it is called 
an epi-diascope. 

88. Photographic Camera. — It is an apparatus by which a 
permanent image of an object can be taken on a photographic plate 
or Aim. Its essential parts are ; — 
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(I) A Light-tight Box BA (Fig. 103). — It is made of folded black 
cloth, leather or paper so that it can be extended or shortened in 
length according to 
aeoessity. The inside . 
must be black or painted 
black for stopping in- 
ternal reflections. The 
box is usually fitted on a 
tripod stand by means 
of which it can be set at 
any desired height or Fig. 103 — Photographic Camera 

tilted in position. The base of the box is provided with a rack and 
pinion arrangement (not shown in the figure) by which the back of the * 
box at which the plate is placed can be moved in or out. 

(ii) The Photographic Objective. — It is a combination of lenses 
equivalent to a convergiiy; lens and is corrected for chromatic and 
spherical errors. Its design depends on the purpose for which the 
camera is used. There is a rack and pinion arrangement D by which 
the objective can be moved forward and backward for purposes of 
focussing. 

(iii) The Iris Diaphragm. — It is an adjustable shutter by which the 
aperture of the lens can be regulated to permit variation in the 
^tensity of the image and improve its definition. 

In order to obtain a clearly defined image only the middle portion 
of the lens should be used ; tbe other parts are covered up by means of 
an adjustable diaphragm, called a stop, by photographers. By using 
stops with holes. of different sizes tbe requisite amount of light tbay be 
allowed to reach the film. The smaller the diameter of the stop the 
better is the definition of the image, though a longer exposure will be 
necessary. The diameter of the stop is always expressed as a 
fraction of the focal length of the lens ; thus, the fractions // 1 6 or //& 
marked on the outside of the adjustable diaphragm of a camera means • 
that the diameter of the stop is iV or ^ of its focal length. 

(iv) Tbe Shutter. — It permits the time of exposure to be varied. . 
In modern cameras, there is automatic arrangement for varying the- 
time of exposure from 1/lOth to 1/lOOth second. Such exposures are 
called instantaneous. There is provision for time exposure also 
whereby the plate can be exposed to light for any length of time ' 
aocordihg to the judgment of the photographer. 
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(v) Thi Screen (E) : — It is a ground glass plate' on which the 
focussing is first done and is subsequently replaced by the plate. 

(vi) The Slide : — This is a flat light-tight box for housing the sen- 
sitive plate. It has a movable shutter which can b'e drawn out when 
the plate is to be exposed. 

(vii) The Plate : — It is a plate of glass (or celluloid) on which 
there is a thin layer of an emulsion of one or more halides of silver 
in gelatin. 

How a Photograph is taken : — The camera is set up at the pro- 
per height in front of the object, the shutter of the lens is opened and 
by varying the distance of the camera ^rom the object, an image is 
roughly formed on the ground glass screen. Then by adjusting the 
distance between the objective and the screen (by altering the position 
of the screen or the position of the objective or both, by the help of 
rack and pinion arrangements) an image .of the proper size is sharply 
focussed on the screen. The aperture dt the diaphragm is then 
adjusted for the proper illumination and definition of the image. The 
camera is then loaded with the plate in the slide. The plate is then 
exposed to light by drawing out the shutter of the plate. The time 
of exposure is a matter of art which can be learned only by experience. 
It depends on the intensity of light and the size of the aperture. 

No visible image, however, appears on the plate on being simply 
exposed to light. The shutter of the slide- carrier is then closed and the 
slide is removed to a dark room where the plate is kept immersed in a 
chemical solution, called the Developer. The silver salts in those parts 
where they have been acted on by the incident rays are here gradually 
reduced by the developer to the metallic state. When the picture is 
satisfactorily revealed, the plate is carefully washed with water so that 
even the last trace of the developer may be washed out. The plate is 
next washed in a solution of '*Hypo^', called the fixer solution. Until 
this is done, the plate is not free from the action of light. The Hypo 
{hypo-sulphite of soda) solution washes away the silver salts from the 
parts of the plate not affected by light. By repeated washing in water, 
the last trace of the hypo is removed, after which the plate is dried 
up in a current of air. The plate thus developed and fixed is called 
the Negative, since the bright parts of the image are depicted black 
on the plate and vice-versa. To print the positive (called the 
photograph) the film -side of a sensitised paper, similarly coated as the 
plate, is held in contact with the negative in a suitably constructed 
frame and light is passed through the negative to act on the film for 
an appropriate period. The image on the paper is then developed and 
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fixed as before. The paper is afterwards . thoroughly washed and 
dried. This is the photograph.* The method' is' called cootaet 
printing. 

89. Pin-hole Camera and Lens Camera Compared — The image 
formed by a pin-hole camera is never perfectly sharp. The smallar the 
hole the sharper is the image, but the amount of light received on the 
screen is very small for photographic purpose. Another defect of the 
pin-hole camera is that the images formed by it are equally sharp, i.e. 
there is little difference in sharpness, though the distance of the objects 
*are changed, but the images formed by a lens camera are much sharper 
if the object is correctly focussed, but for other distances of the object 
blurred images are formed. 

In photography the amount of chemical action taking place on 
any small area of the plate will depend upon the amount of light 
falling* on it, which again depends upon (a) the intensity of light 
>from the source: (b) tUe area of the hole ; (c) time of exposure. 
Keeping (a) and {c) constant for both, the area of the hole, i.e. 
the front surface of the lens in a lens camera can be made large 
compared with the pin-hole, so that with a very short exposure the • 
same quantity of If^ht will reach a small area on the plate. This 
is a great advantage of the lens camera ; but for still objects with 
long time exposure 
there is no special 
•advantage with a 
lens camera. 

90. Eye and 
Vision. — The eye 
(Fig. 104) is nearly 
spherical in shape, 
and, within limits, 
is capable of turn- 
ing in its socket. 

It is nature’s opti- 
cal instrument. 

A human being 
has two similar 
‘eyes and has the advantage of binocular vision (vide Art. 92). The 
eye-globe is complex in structure. Its exterior is formed by a White 
membrane S, called the sclera. The front portion 0 of the sclera is 
transparent and more convex than the rest. This part is known as the 
cornea^ : InternaLto the solera is a dark brown membrance (Gh) whiobL. 
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is known as the choroid. The anterior continuation of the choroid 
is a seat of muscles known as the ciliary muscles (Cm). From this 
ciliary body a diaphragm circular in form hangs and is perforated in 
its centre by an aperture whose size can vary by an^involuntary action 
of the ciliary body. Its function is to regulate the size of the aper- 
ture. Its colour gives the colour of an eye. This diaphragm I is 
called the Iris. Behind the iris is suspended the focussing lens L of 
the eye. It hangs from the inner surface of the ciliary muscle 
by means of a few fibres, called the suspensory ligaments (S. L.). 
The lens is bi- convex (more convex at the back), transparent and is 
composed of different layers of different refractive indices. The space 
in between the cornea in front and the iris is called the anterior 
chamber while the space between the iris and the suspensory ligaments 
is called the posterior chamber, and they are filled up by a salt 
solution known as the aqueous humour. On the internal back- portion 
of the choroid is stretched a delicate purple-red membrane having a 
network of minute structures, called the rods and cones, which receive 
the light waves, and the optic-nerve-fibr‘)s which carry the light 
sensations to the visual centre of the brain. This light sensitive 
membrane B is called the retina. On the inner surface of the retina 
there is a region (Y) about 1 to 2 mm. in diameter, called the yellow 
spot or the macula lutea. In the centre of the yellow spot there is 
a small depression, called the fovea centralis. The imaginary line 
that passes through the optic centre of the eye-lens and the fovea 
centralis is called the visual axis of the eye The yellow spot is the 
region of the highest optical sensitivity in the retina. The imaginary 
line that passes through the centre of the cornea and the optic centre 
of the eye-lens is called the optic axis of the eye. The optic axis 
meets the retina at the posterior pole of the eye. The optic nerve- 
fibres enter the retina about 3 mm. below the posterior pole of the eye. 
The spot where the optic nerves enter the retina is called the optic 
•disc. This disc B has no sensitivity and hence is called the blind 
spot. The space between the retina and the lens is known as the 
vitreous chamber and is filled up with a transparent, colourless and 
gelatinous mass known as the vitreous humour (F). 

Action of the Eye. — Bays from an external object entering the 
•eye suffer refraction mainly at three surfaces, the outer surface of the 
cornea and the two surfaces of tbe lens. Then again there is the 
continuous refraction experienced by the rays in passing from layer to 
layer of the lens and finally the rays are brought to a focus on the 
retina. The image produced by the eye-lens (convex) on the retina is 
real, diminished and inverted. That we see it erect is due to a process 
-of mental interpretation only, to which all observers are hahituated* 
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Phonographic Camera a^d the Eye compared. 
Photographic Camera (Fig. 103) Eye (Fig. 104) 


1. A light-tight box. 

2. A converging lens or a 
combination of lenses by which 
a real, inverted and diminished 
image is formed on a photogra- 
phic plate. The focussing is done 
by adjusting the length of 
the box. 


3. The image is received after 
•developing the sensitised plate by 

'•chemical means. s 

4. An adjustable diaphragm 
or stop regulates the amount of 
light entering the caknera. 

5. A shutter in front of the 
dlens shuts out light whenever 

required. 


1. The sperical eye- ball 
formed of a fairly hard substance 
called the sclerotica 

2. The cornea, aqueous hu- 
mour and the crystalline lens to- 
gether form a similar image on the 
retina. The focussing is done by 
altering the curvature of the lens 
by means of what are called ciliary 
muscles. This power of the eye 
to focus the image by adjustment 
of the lens is called accommoda- 
tion. 

3. The image impressions 
received on the retina are con- 
veyed to the brain through the 
optic nerves. 

4. The amount of light enter- 
ing the crystalline lens is regulated 
by the iris I, which is a diaphragm 
with a circular aperture, called 
the pupil near to its centre. 

5. The eye-lids can shut out 
the light for longer or shorter 
periods at will. 


[Note It has already been said that the images formed on the 
retina are always inverted though we see them erect. This, however, 
cannot bo clearly explained. The explanation is that our ini^d has 
learnt by touch and muscular sense from our infancy that an inverted 
image on the retina means the presence of an erect object. Thus it is 
only a mental interpretation.] 

Power of Accommodation. — An eye is said to be normal when in 
a state of full relaxation it can focus on the retina objects at an infinite 
distance. When such an eye looks at a near object, the image should 
be formed beyond the retina, but the eye by virtue of an inherent power 
{which acts involuntarily), called its power of accommodation, can 
form the image of the object on the retina. According to Helmholtz, 
the mechanism of accommodation is that the ciliary muscles automati- 
•oally contract, drawing forward the choroid and relaxing the suspen- 
sory ligaments ; this diminishes the tension of the lens-capsule and 
allows the inherent elasticity of the lens to increase its convexity. 
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Chiefly the anterior surface of the lens changes in curvature. The- 
degree of accommodation obviously will vary with the distance of the- 
object under view. 

Thus aceommodatlon is that property of the eys-lens by which it^ 
effective focal length is automatically altered to S2iit the act of viewing 
distant or near objects. 

Par Point of the Eye. — The most distant position up to which the 
eye can see when fully relaxed is termed the far point. Fpr the 
normal eye it should be at infinity. But actually the far point is 
only a distant point (which varies from person to person) for 
an eye. 

Near Point of the Eye. — For every eye there is a limit to its 
power of accommodation. This power ceases when the object is brought 
upto a certain minimum distance from the eye. The nearest position 
upto which a small object can be distinctly seen, employing the maxi- 
mum amount of accommodation^ is referred *to as the near point of the 
eye. It can be determined for an eye by noting the shortest distance 
at which a man can read the smallest test-type with the other 
eye closed . ' 

Least distance of Distinct Vision. — It is the distance of the near 
point from the eye. For a normal eye it is about 10 inches 
(i.e. 25 cms.) 

91. Defects of Vision. 

The common defects of vision are the following : — (aj Long-sight 
(or Hypermetropia) ; (b) Presbyopia ; (c) Short-sight (or ' Myopia) ; 
(d) Astigmatism. 

(a) Long-sight (or Hypermetropia) — For the normal eye, the 

distance of the near-point is 
about 10 incites (25 cms.), and 
for a long-sighted person jt is 
greater. A long-sighted eye 
cannot see near objects dis- 
tinctly, but if the accommodation 
is normal there is no difficulty 
about distant objects. Bays 
from the normal near-point are 
brought to a focus behind the 
retina (Fig. 105). The causes are (a) the eye.-ball is too small, of (&) 
the focal length of the lens has become increased. 



Fig. 105 — A Long-sighted Eye 
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The remedy is to interpose a convex lens so that the fooal 
of the Gombiaation is shortened 
and by that the image is formed on 
iihe retina (Fig. 106). As a rule, 
parallel rays from distant objects 
are focussed on the retina. In order 
that the rays from the normal near- 
point N can be focussed on the 
retina, the converging lens of 
the spectacles should be of such 
power as to convert the rays 
from the object appear to come 
from the near point of the defective eye. 

Let V “ distance of retina from the lens, /« focal length of the 
eye, d = distance of the near point of the long-sighted ' person found 
by trial, 

we have, — - = . Hence ^ ^ ... (1) 

V u f vdfe 

Suppose a lens of focal length A should be interposed to bring the 
near-point of the defective eye to a position 25 cms. from the eye. So 
we have, 



Fig. 106 — A Corrected Long-sighted 
Eye 


I - 1 ^ ^ ^ + — 

V 25 fe f ' V 25 V d fi 


from (i) 


or 


1 ^ 1 
A d 


1 

25* 


Asd>25, 



and, therefore, A 


is -ve. 


This gives the focal length of the spectacle lens required, aiid the 
negative sign of A shows that the lens must be convex. 

r (b) Presbyopia. — This is another form of long-sight which is due 
to old ago. This is called Presbyopia and sometimes called Far-sight. 
The crystalline lenses of the eyes lose elasticity gradually with age, 
and the accommodating power of the ciliary muscles decreases. Thus 
a short-sighted eye in childhood tends to become normal in after years, 
but the defect of long-sightedness is sure to increase gradually. 


Examples. — i. A long-sighted man can see clearly at any distance more than 
10 ft. What kind of spectacle lens should he used to enable him to read print placed 
10" from his eye ? 

The distance of the near-point of the man 10 ft. or 120". So, we have, 


if V 


distance of retina from the lens of the eye, — — 

V lisU 


/e- 


Again, if 


10 (II) 
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/— focal length of the spectacle lens, y " 

7 m 10 120= 10 9 approx. 

Hence, the spectacle lens should be convex and of focal length 10*9^^ 
approximately. 

2. A long-sighted person has a minimum distance of 50 cms. What kind 
of lens must be used in order to reduce this distance to 25 cms, ? What should be the 
focal length of the lens ? 

1 U 1 

Here w = 50 cms. Hence — - - =■ — , where fe is the focal length of 

V 50 fe 

the eye lens. Again if is the focal length of the spectacle lens, 

i" 26 A " " 50^ A ’ A 60 25 50 * 

A “'■“60 cms. 

Thus the spectacle lens should be convex and of focal length 50 cms. 

(c) Short-sight (or Myopia). — A shoi t-sighted person cannot 
see distant objects distinctly. The rays from a distant object are 
— brought to a focus in front of 

the retina B (Fig. 107) ; so the 
far-point is nearer than infinity, 
but as to near- vision there is 
no difficulty if the accommo- 
dation is normal, though the 
near-point may be much 
closer than 25 cms. The causes 
Fig. 107 — A Short-sighted Eye of the defect may be ; — (i) the 

eye-ball is too elongated, Hi) 
the focal length of the lens of the eye is too short. 

Let d the distance of the farthest point F upto which the short- 
sighted person can see 
distinctly (Fig. 108). 
This point in the case 

of a normal eye should 

be at infinity. 

N| N It is necessary to 

interpose a concave lens 
such that parallel rays 
Fig. 108— A Corrected Short-sighted Eye from distant objects 

will, after refraction through the lens, appear to diverge from, F, the 
far-point of the defective eye, and will thus be focussed on the retina 
tby the lens L of the eye. 
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As before, we have, ~ 1 

V d 


J. 

/e 


By interposing the lens, the farthest point would he at infinity. 
1 1 + 1.1 11 
« « fe f V 


So 




from 


or 





f^d. 


(1) 

(1) 


Hence the focal length of the spectacle lens should be equal to 
the distance of the farthest point upto which the short-sighted person 
can see distinctly, and the positive sign of / shows that the lens 
must be concave. 

Examples. — 2. A short-sighted man, who can read clearly when the print is not 
more than 3 inches from his eye, requires spectacles to enable him to see a distant view. 
What kind of lenses does he need and what must he the focal tength f Draw as 
accurately cls you can the path of a ray of light from a distant object through the lens 
of the man's eye (a) without the spectacles, (b) with the spectacles. (C. U. 1909), 

111 


Here, the farthest point = 3 inches. 


So, 

V 3 


fc 


But, if / be the focal length of the lens to be used, we have, 

1 1 ^ 1 1 J_. JL , 1 A 

v~ oo' / ~ i~~ s' 3’’ ■ ■ 


/*3 inches. 


The man will evidently require a concave lens of focal length 3 inches. 
(For diagrams see Figs. 107 A 108). 


0 3. A short-sighted man can read printed matter distinctly when it is held at 
16 cms. from his eyes ; fbid the focal length of the glasses which he must use if he 
wishes to read with ease a hook at a distance of 60 cms. (C. U. 1932) 


r 





1 ^3 ^ . 

60 "" 60' 20 ’ 




1 


/=+20cm8. 


So the glasses of the spectacles must be concave of focal length 20 cms. 


(d) Astigmatism (6k. a, without + stigmatos, a point of focus). — 
This defect of eyes is usually due to irregularity in the curvature of 
the vertical and horizontal sections of the cornea ; the curve generally 
is more pronounced in the vertical than in the horizontal with the result 
that horizontal and vertical lines at the same distance wfll not be in 
focus at the same time. Such an eye, when looking at a network, may 
be able to see clearly, for instance, the horizontal wires, while vertical 
wires may be indistinct or curved. A Cylindrical or Sphero- 
cylindrical lens is used to remove this defect. The defect may 
^differ in degree in the two eyes. 
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92. The Advantages of Two Eyes (Binocular Vision). — As with 
two ears we hear only one sound, so, by our two eyes, when 
fixed on any object, we sea only one object. Though each of the 
eyes forma an image on its own retina, th^ brain translates as a 
whole the different images. One advantage of having two eyes is the 
poioer of estimating distance correctly. It may have been noticed 
that the threading of a needle is very difficult when one eye is kept 
closed. To illusbrate it further, suspend a small curtain ring at some 
distance with its plane in the line of sight. Now hold a long stifi' 
wire, bent at one end, and try to insert the bent end through the ring 
keeping one eye closed. It will be found more difficult to do it when 
one eye is closed than when both eyes are open. This difference is 
due to the fact that the simultaneous vision of two eyes gives a marked 
facility in estimating distance. 

Further, due to the difference in position of the two eyes with 
respect to an object, the right eye sees more of the right side and the 
left eye sees more of the left side. Wh&n tlie object is viewed simul- 
taneously by both the eyes, the two images which are slightly different 
overlap on each other. The resultant gives a combined idea of depth 
and solidity (see Art. 85). 

93 Persistence of Vision : Cinematography. — Visual impres- 
sions, however momentary, received on the retina of the eye persist 
for about one-tenth of a second even after the stimulus is removed ; 
so if a series of impressions at intervals of more than ten per second 
falls on the retina, the eye will not be able to distinguish betweer 
them and we get a continuous impression, and this is the reason why 
Newton's disc (Art. 106), when rapidly rotated, appears greyish white 
which results from the overlapping of all the colours on the disc. 

Again, if there be a picture of a bird on one side of a piece of 
card-board, and a picture of a cage just on the opposite side, then on 
rapidly revolving the card-board the two impressions blend and the 
bird will appear to be inside the cage due to persistence of vision. 
For the same reason the red end of a burning splinter, when whirledf 
round, gives the impression of a continuous red circle. 

(a) Cinematography. — Cinematography depends essentially upon 
the principle of persistence of vision. If photographs are taken of a 
moving object at intervals of about of a second, then the discontinu- 
ous pictures, when projected on a screen at the same rate, will fuse 
together and produce an illusion of continuous motion. 

In a cinema-film there are numerous pictures of some object 
in different succeeding positions taken by moans of a special 
camera (motion picture camera). These pictures are rapidly moved 
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before a projection lantern the arrangements of which are similar 
to those of the optical lantern (Fig. 101). The pictures on the film 
come in front of the condenser in the position occupied by the slide of 
the optical lantern. About twenty pictures on the film pass in front 
^f the condenser per second, and as each of these arrives in position, 
the film stops for ^ijth of a second by a clock-work arrangement and 
passes on to the next picture after a brief dark interval. The images 
of these rapidly moving pictures are thrown on a screen with an instant 
between each pair during which tho film is not illuminated, but as 
the pictures follow one another very rapidly they represent some conti> 
nuous incident or story duo to persistence of vision, as the impression 
of one picture does not vanish before the second is received ; and this 
goes on one after another. 

Cinema tricks. — Sometimes curious tricks are seen to be performed 
on the cinema. Many natural phenomena are seen to be accelerated 
and sometimes retarded. The seed of a plant takes a long time to 
grow, but tho photographs of its growth can be taken at intervals 
-*over a comparatively long jteriod of time on a single film, and when it 
is thrown on the screen at the ordinary rate, we get the impression 
of very rapid growth. On the other hand, snaps of such things as 
running, high jumping, strokes in cricket or tennis can be taken at 160 
to 200 per second ahc( then thrown on tho screen at the ordinary rate 
of 16 per second producing what is called a slow-motion-picture. 

(b) Heliograph and Heliostat. — A heliograph simply consists 
of a plane mirror suitably mounted in order to rofiect sun-light from 
^ne place to another several miles away. This instrument is used for 
the transmission of messages. The mirror is tilted in order to cover or 
uncover it, according to necessity, so that the observer at a distant 
station may note tho duration and regularity of the fiashes of 
light (according to a given code) from which the message i?^ to be 
^ constructed. 

The heliostat is only a heliograph mirror by which a reflected 
beam can be sent to a particular direction all day long suitably 
mounting the mirror on a frame driven by clock-work. 


Questions. 

Art. 78 

1. {a) Explain how a single convex lens may be used as a magnifier. Trace 
the path of the rays by which an object would be seen in such a case. 

(C.U. 1918 ; cf. Pat. 1918 ; cf. All. ’46) 


(h) 


Show that the magnifying power of a reading lens is 


( 


1 + 


p 

f 


^ where 
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D is the least distance of distinct vision, a the distance between the eye and 
the lens, and / the focal length of the lens. What conclusions do you draw 
about the best position of the eye ? (P. U. 19l9 ; Del. U. 1942 ; All. 1946) 

(c) Explain the use of a convex lens as a magnifying glass. How is its 
magnifying power defined ? * (Pat. 1947) 

Art. 79. 


2. You are given two convex lenses of focal lengths of 60 cms. and 3 cms. 
Respectively. How do you arrange them to form (a) a compound microscope 
(6) a telescope ? Draw diagrams and explain the arrangement. (G.U. 1922 ; ’45) 

8. Describe a compound microscope. Explain by means of a diagram 
how the magnification is produced. 

(Del. U. 1942 ; C. U. 1915, ’21, ’39, ’43 ; All. 1916, ’22, ’32 ; Pat. ’41 ; 

Dac. ’32.; P. U. 1912) 


4. A compound microscope is adjusted for viewing the distinct image of 
an object. If the distance of the object from the object glass is now slightly 
increased, explain what re-adjustment of the instrument would be necessary 
for obtaining a distinct image again. Will the magnification be the same 
as before ? 

[Hints . — If the distance of the object PQ from the lens is increased, then 
the image P^ (/ is shifted towards the object glass. Hence to obtain a distinct 
image, the eye>piccc will have to be shifted towards the object-glass (see Fig. 91). 


Magnification 



here u will be increased, also v will be 


diminished, so magnification will be much diminished, though D and / will 
remain the same.] 


4 (a). Two convex lenses of focal lengths 1 cm. and 6 cms. respectively ar6 
arranged to form a microscope. A small object is placed 1*2 cms. from the 
object glass. If the image seen appears to be 25 cms. from the eye -piece, 
what is the distance between the object glass and the eye-piece ? (Pat. ’47) 

[Ana : 10’83 cms.] 


Arts. 80. 81 & 82 

5. Give a brief description of (a) the astronomical telescope and (6) a 
compound microscope, showing by sketch how the image is formed in each 
case. (C. U. 1912, ’14, ’19, ’20, '23, ’25, ’39 ; Pat. 1928, ’39, '42, ’45.) 


6. You are given two lenses of focal lengths 20 cms. and 2 cms. Explain 

how you will arrange them to form a telescope. Draw a neat diagram to 
show the paths of rays when a distant object is viewed through it. What 
will be its length and magnifying power ? (Pat. 1931) 

[Ana : Length = 20 + 2 = 22 cms. ; ?» « — 10] 

7. The focal lengths of the objective and the eye -piece of an astronomical 
telescope are 10 in. and 1 in. respectively. The telescope is focussed on an 
object 5 ft. from the objective, the final image being formed 10 in. from the 
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eye of the observer. Calculate the length of the telescope and the 
magnification produced by it. (Pat. 1942) 

( 10 

12 * naftgnification — 2'2] 

8. Describe the construction of a celestial telescope. What modification 
will make it suitable for terrestrial purpose ? (see Art. 81) (Pat. 1030) 

Explain by moans of a neat diagram how the magnification in a telescope 
is produced. (Dac. 1928 ; G. U. ’82) 

9. Trace the paths of rays through a Galilean telescope directed towards 
a distant object and adjusted for normal vision. 

(C. U. 1926, ’33, ’40 ; All. 1926 ; Pat. 1927 ; Dac. ’84 ; Del. U. 1948) 

10. Describe the construction of a simple telescope which will giye erect 
images of distant objects. Why are images in cheap telescopes usually 
coloured. (Dac. 1980) 

11. In what way is an opera-glass different from *an astronomical 
telescope ? (G. U. 1932) 

Art. 83 • 

12. Explain the principle and give details of construction of a refiecting 
telescope. What gidvantages does it possess over the refracting type ? 

(Pat. 1922) 

13. Explain how a telescope can be made from a concave mirror and a 
convex lens. Illustrate your answer with diagrams showing the paths of rays. 

(Dac. 1982) 

Art. 84 

* 14. Explain how two lenses arc arranged to form a binocular. Illustrate 

your answer by a diagram. 

Art. 86 

15. What arc the essential parts of a photographic camera or a magic 
lantern ? State the utility of the different parts, (see Art. 88). 

(Pat. 1932 ; cf. All. ’46) 

Art. 87 

16. Describe the construction of an epi-diascope indicating the function of 
each of its component parts. Also trace the courses of rays through the 
instrument. 

Art. 88 

17. Describe a photographic camera, and explain how you would take a 
photograph with its help. • (G.U. 1984) 

Art. 90 

18. Describe the optical action of the human eye with the help of a neat 
sketch. (G. U. 1949 ; P. U. 1928 ; Pat. 1948) 

What is meant by “accommodation”, and how is it effected ? (G. U. 1949) 
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19. Compare and contrast the optical arrangements of the human eye and 

those of a photographic camera. (Pat. 1937) 

Art. 91 

20. What spectacles are required by a person who cannot see clearly 
objects at distances greater than 10 cms. ? 

[A7is : Man short-sighed ; a concave lens of /■* 10 cms. required.] 

20(a). Explain “Dioptre” and “Myopic Eye”. (Pat. 1946) 

21. Why does a short-sighted person use a concave lens ? (Dac. 1930) 

The focal length of such a lens is 6 inches and a small object is placed 18 
inches from the lens ; draw a figure showing the paths of rays by which the 
image is formed, and determine its positions. What do you mean by the 
power of a lens ? (C. U. 1926) 

[_Ans : The position of the image is 4'5 inches in front of the lens.] 

22. What are the two princi))al defects of vision ? Explain how they are 
rectified with the help of spectacles. (C. U. 1932, ’44, ’48 ; Pat. '36 ; P. U. 1920) 

23. A student with defective eye-sight can* see clearly nothing that is 

farther from his eyes than 50 cms. What is the number, kind and focal length 
of the correcting lens that will enable him to see easily apd clearly distant 
objects. (Pat. 1927) 

[Ans : Concave lens, /“SO cms., or Power =• —2D] 

23(a). Find the lens needed by an eye whose minimum distance of distinct 
vision is 8 ft., if a book at a distance of 16 inches is to be seen clearly. 

[Ana : Convex lens, /= 8/5 ft.] (C. U. 1949), 

24. A long-sighted person can see distinctly only objects which are at a 

distance of 60 cms. or more ; find the power of the spectacles which will enable 
him to see distinctly objects at a distance of 25 cms. (Pat. 1914) 

[^Aiis : /“ —50 eras., or Powder = 2 Dioptres]. 

25. Give the focal length and type of lens required to enable a person 

to read a book at a distance of 10^^ if he cannot see objects distinctly at a 
distance less than 30'^ (Cal. ’47). 

[Ans : 15 inches ; Convex lens]. 

Art. 92 

26. Explain the advantages of a pair of eyes over a single eye. (Pat. 1948) 

Art. 93 

27. Explain the principle of a Cinematograph. 


(Dac. 1942) 



CHAPTER VII 


* Dispersion of Light 

94. Dispersion. — When a beam of white light incident at a face 
is allowed to pass through a prism, the beam emerging at the other 
face is not only deviated towards the base 
of the prism but is also broken into 
different colours. This was first observed 
by Newton. Sun-light is allowed to enter 
into a darkened room through a narrow 
slit P, (Fig. 109). The light is allowed to 
fall on the face AB of a glass prism ABC 
placed with its refracting edge parallel 
to the slit. The emergent light is then 
^llowed to fall on a wh^te screen S 
where a coloured patch is obtained. The 
•colour of one end of the patch is red 
and the other end violet. Besides these, 
beginning with vidfet there are other five colours — indigOi blue, 
green, yellow and orange. 

Such phenomenon of breaking-up of white light into several 
component colours is known as dispersion, and the coloured band is 
galled a spectrum. In the solar spectrum, there are, however, a 
larger number of different tints, each of which shades off’ gradually 
into the next, though in general seven principal colours, violet, indigo, 
blue, green, yellow, orange and red (vibgyor), spoken of as the colours 
of the spectrum, are distinguished. 

If, now, by making small pin-holes in the screen, each of the 
' constituents be separated and allowed to be deviated by another prism, 
it will be found that violet is the most deviated and red the least ; that 
different colours occupy unequal spaces in the spectrum, the violet 
occupying the greatest and orange the least ; and that each of these 
colours is simple and cannot be broken up again into any other colour. 
Such light which can be decomposed into several colours is called 
compound^ while the light of a single colour is called simple or mono- 
chromatic. 

Newton’s conclusions. — 

(1) White light is not simple, but it is a combination of seven 
colours. 



Fig. 109— 

Dispersion of Sunlight 
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(2) The colours can be separated by passing white light through 
a prism. 

(3) The different colours are deviated to different extents. This 
is what is expressed by saying that the different co^purs have different 
degrees of refrangibillty ; violet being the most refrangible and red ther 
least. 

(4) The deviation of the yellow is intermediate between the 
deviation of the two extreme colours, violet and red. So yellow is 
called the mean colour. 

95 Impure and Pure Spectrum — If a single ray of white light 
can be isolated and allowed to pass through a prism, it will be split up 

into its separate coloured con- 
stituents, and a pure spectrum 
may be obtained ; but in practice 
a single ray cannot be isolated, 
and even if a small pencil is 
takei^ each ray of that pencil^, 
being split up will produce a 
spectrum of its own on the screen 
with the result 'that the consti- 
tuent colours will overlap on 
each other to some extent. Such a spectrum, in which the constituent 
colours are partially superposed on each other, is called an impure 
spectrum ; and the spectrum in which the colours do not overlap 
on each other but are separated distinctly into elementary coloured 
bands is called a pure spectrum. ^ 

95(a). Production of Pure Spectrum. — It is obvious from Fig. 
110 that the spectrum produced by a broad beam will be impure as 
there will be^much overlapping of colours. The spectra 
are formed b> the two extreme rays of the incident pencil. The spectra 
due to other rays will be formed between them. The widths of 
FiFg will depend on the breadth of the incident pencil ; so to obtain 
a pure spectrum with no overlapping, the incident beam should come 
through a narrow slit. 

In a pure spectrum the differently coloured rays should be brought 
to separate foci on the screen. It may be psssible for a convex lens 
to bring the ^ differently coloured rays to separate foci if they are in 
parallel groups after emerging from the prism, i e. if all the red rays, all 
the yellow and so on, come as parallel beams. For this, the incident 
rays should be parallel Moreover, all the different spactra will not 
be in focus unless all the beams forming the coloured imaged have got 
almost the same deviation. For this reason the beat result is obtained 


M 



Fig. 110 — Impure Spectrum 
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when the prism is set in such a way that the mean colour undergoes 
minimum deviation or, in other words, the prism is placed in the 
position of minimum deviation for the mean rays, i.e. yellow rays. 
JThe other rays will then be nearly at minimum deviation. Therefore, to 
obtain a pure spectrum, the followiag conditions should be satisfied : — 

95(b). Conditions for Pure Sppctrum. — 

(i) The slit should be narrow. 

(ii) The prism should he placed in the position of the minimum 
deviation for the mean rays, 

{Hi) A convex lens should he placed between the prism and the screen to 
bring the emergent rays to focus, and another between the slit and the 
prism to make the incident rays parallel, 

(iv) The refracting edge of the prism should he parallel to the slit. 


95(c). Arrangement for Pure Spectrum. — 

A source of white light illuminates the narrow vertical slit S (Fig. Ill), . 


which 'is placed at the 
'^principal focus of a con- 
vex lens in order to have 
the rays rendered paral- 
lel. The prism is cpla- 
ced with its refracting 
edge vertical in the 
position of minimum 



Fig. Ill — Pure Spectrum 


deviation for the yellow rays, and, hence, approximately for all rays 
A second lens brings the differently coloured rays to their different 
foci 2^7 on the screen. 


95(d). Other Methods for the Production of Pure Spectrum. — 
The method mentioned above is the best method for the productj^ion of 
a pure spectrum, but a pure spectrum can also be obtained by using 
a single lens instead of two. 


(i) S is a narrow slit strongly 
illuminated by white light and the 
prism i4.BC (Fig. 112) is placed in 
the position of minimum deviation 
for the yellow rays, when rays of any 
particular colour will appear to 
diverge from a point from the same 
side of, and at almost the same 
distance from, the prism as the slit 



S. Thus the red rays appear to Fig. 112 — Virtual Spectrum 

diverge from the point the violet 

. rays from F', and all other rays from points intermediate between B* and 
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V\ Thus, by this arrangement an observer 
of the emergent rays will see a pure virtual 



Fig. 113 — Product ion of Pure Spectrum 
and the red towards the base of the prism. 


looking in the direction 
spectrum in which the 
order of the colours 
is»reversed, that is, 
the red light appears 
to diverge from 
a virtual image of 
the slit S\ and simi- 
larly the violet light 
from V (Fig. 112) ; 
so the violet is seen 
towards the edge 


If now a convex lens L is placed between the prism and the 
screen at a distance from the slit greater than its focal length, each 
of the coloured constituents lying between and V' (Fig. 112) will 
form a separate real image on the screen, and so a real image of the 
virtual sppctrum can be projected on the screen (Fig. 113). Thus a reab 
pure spectrum Ji'V' is obtained in which different colours will occupy 
separate positions in order of their refrangibilities, red, being towards 
the edge and violet towards the base of the prism (Fig. 113). 


(ii) A convex lens L is placed between the slit and the screen 
and adjusted to form a well defined real image S' of the narrow slit S 

strongly illumina- 
ted by white lightly 
(Pig. 114). The 
prism is then in- 
troduced between 
the lens and the 
screen with its re- 
fracting edge para- 
llel to the slit and 
set in the position 
of minimum devia- 
tion for the mean rays, say yellow, due to which all the rays of the same 
colour will be deviated approximately by the same amount and 
will be brought to one focus. Different colours being differently 
refrangible separate positions of the different images will be obtained 
and thus a real pure spectrum BV will be projected on the screen 
(Fig. 114). 



96. The Study of Spectrum. — It should be noted that the visible 
portion of the solar spectrum forms only a small part of the total 
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spectrum which extends on both ends of the visible spectrum. There 
is an invisible radiation beyond the red end of the spectrum, known 
as Infra-red radiation, which we have already called heat radiation, 
jind also there is another invisible type of radiation beyond the violet, 
known as Ultra-violet radiation. There are also other waves smaller 
than the ultra-violet waves, such as X-rays and Gamma-rays, and also 
waves greater than the infra-red waves, such as Wirejess waves. 
The effects of the different parts of the spectrum are also different. 

Effects of the Different parts of Spectrum : — 

(a) Luminous effect. — The different parts of the spectrum are< 
not equally luminious. The 
luminous effect is greatest at 
the yelloio part and diminishes 
as the red or the violet part is 

approached, as shown by the ^ + 3 » « 

intensity curve in Fig. 115. Violet 

..^For this reason we can read a o ^ 

book more easily in yellow 
light than in red or violet. 

(b) Heating effect.— By holding a linear thermopile (Art. 53, Part 
VII). or a delicate thermometer with blackened bulb at different parts 
of the spectrum it can be proved that the heating effect diminishes from 
the red to the violet end of the spectrum. By using a prism of rock 
salt, which is transparent to heat radiation, the increase of the heating, 
affect can be detected up to some distance in the invisible portion of 
the spectrum beyond the red end of the visible spectrum where it is . 
maximum, and the heat rays of diminishing intensity may be detected 
for a distance about seven times the length of the visible spectrum. 
This portion of the invisible spectrum extending beyond the redf of the 
visible spectrum is known as the infra-red spectrum ; and the rays 
are called infra-red rays. As glass absorbs these rays, prisms and 
lenses of rock salt are used for studying the infra-red spectrum. 

In the invisible part of the spectrum beyond the red, the heating, 
effect is great, and so these long waves are called radiant heat waves, 
but it must be remembered that all waves carry energy, and, therefore, 
may produce heat, though in different degrees, when they are- 
absorbed. 

(c) Chemical effect. — The chemical effects can be shown by the- 
decomposition of certain salts by the action of the rays of different 
colours of the spectrum. This action increases from the red rays to the 
violet rays and extends to a considerable distance beyond the visible- 

< spectrum. This portion of the invisible spectrum beyond the violet is: 
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called the ultra-violet speotrum, and the rays forming it are called 
ultra-violet rays. As glass absorbs ultra-violet rays, prisms of 
quartz (also called rock-crystal), or of fluorspar, are used for studying 
this portion of the spectrum. The rays of this part on account of 
their chemical action in decomposing salts of silver are also known as 
actinic rays. 

The ordinary photographic plates which contain silver salts are 
greatly affected by ultra-violet rays. Red rays have very little action 
on the photographic plate. 

97. Further study of Infra-red and Ultra-violet Spectra. — It 

has already been stated that both infra-red and ultra-violet portions of 
the specjirum are invisible and they are to be studied by their heating 
or chemical effects. The presence of the infra-red portion was dis- 
covered by William Hershell in 1800 and the ultra-violet portion by 
Bitter in 1801: 

The ultra-violet radiation from the sun has a great beheficial 
effect on our health, though the excess (Lf it is dangerous. This is 
used for many curative and sterilizing purposes. Many chemical 
changes brought about by light are due to this ultra-violet rays, the 
exposure to which increases the vitamin content in some food-stuffs. 
They cause fluorescence in some substances which may be used to 
distinguish real diamonds from artificial ones. This radiation is, 
however, absorbed by the ozone present in the atmosphere and also 
by clouds and the smoke particles present in the air. It is also 
absorbed by ordinary glass ; so people working indoor lose much or 
the beneficial effects of the sunshine passing through the glass window. 
It has already been said that ultra- violet rays are most effective in 
photography. So photographs taken on a cloudy day would require 
longer exposure, as such rays from the sun are greatly absorbed by the 
clouds, but the infra-red radiation, on the other hand, near about the 
visible spectrum penetrates through the cloud and fog readily, so 
photographs taken on a cloudy day by means of specially prepared 
photographic plates, which are made sensitive to infra- red rays, would 
give very clear pictures. It should be noted, however, that the infra- 
red radiation, which is far from the visible part of the spectrum like 
that chiefly emitted by cold bodies such as the earth, is absorbed by 
clouds and fogs as ordinary light is. 

98. Different kinds of Spectra. — Spectra may be divided into 
two classes, — (1) Emission spectra ; (2) Absorption spectra, 

(1) Emission Spectra may be divided into two subdivisions ; 
(a) contimious spectra ; (b) line spectra. 
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(i) Continuous Spectra. — The spectrum giv^n by an incan- 
descent solid gives the isolours continuously from red to violet without 
any break or gap, depending on the temperature of the solid, and so 
4he spectrum is called continmus. 

Liquids and gases under great pressure also give continuous 
spectra. 

Examples. — The spectra of lime-light, a luminous coal-gas flame, incandes- 
cent electric lamp, electric arc, etc., are continuous. 

(ii) Line Spectra. — The spectrum obtained from an incandes- 
cent gas or a vaporised substance in flames is not continuous, but 
•consists of a number of bright lines separated from one another by 
dark spaces, each elementary substance giving its characteristic line 
or lines whether in combination or not. Thus the line^ spectrum is a 
property of the atom. 

^ Example. — The spectrum^ of incandescent sodium vapour produced by 
a.dding a little common salt to a (non-luminous) Bunsen flame, when exami- 
•ed by a spectroscope; gives two deep bright lines in the position occupied by 
the yellow part of ithe white light spectrum, called the D lines of the spectrum^ 
which are characteristic of the metal, sodium. But the wave lengths of these 
two lines differ only very slightly, so ordinarily yellow light given by sodium 
vapour is called monochromatic. Similarly, the spectrum of hydrogen gas 
produced by passing electrical discharges through it consists of several lines 
of which three lines, one in the red, one in the green, and a third in the violet 
l^ortion of the spectrum, are prominent. The spectrum of lithium salts gives 
a bright line. The salts of potassium have got two prominent lines in the 
red and one in the extreme violet and those of iron have got a large number 
■of bright lines in different parts of the spectrum. Each elementary substance 
has its own characteristic lines. 

(iii) Fluted (or Band) Spectrum. — The line spectrum is charac- 
teristic of atoms. Under certain circumstances, a molecule can also 
be made to emit light characteristic of the molecule, depending on the 
method of excitation. Such a spectrum is characterised by a number 
of broad luminous bands, each being sharply defined at one edge and 
gradually shading off at the other. On careful examination it has been 
found that a large number of bright lines are closely packed at the 
bright end while the spacing of lines is more and more wide at the 
faint end. Band spectra of a gas may be obtained by enclosing the 
gas in a Geissler tube at a low pressure and then passing an eleotrio 
discharge at a comparatively low voltage. When in the solid state, 
the band sectra of a substance is generally obtained by filling the hole 
drilled in a pure carbon rod with its powder and then using this rod as 
the positive electrode of a carbon-arc. 
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(2) Absorptioa Spectra. — If ia the path of white light some 
transparent substance be interposed which absorbs some constituent 
rays, then the spectrum of the transmitted light will be found wanting 
in the same colours. Such a spectrum is known as Absorption spectrum. 
Such spectra may be divided into two subdivisions ; {i) Dark line 
spectra, (ii) Dark-hand spectra. 

(i) Dark-line Spectra. — If white light from a hot source be passed 
through a space filled with a cooler vapour, the vapour will absorb from 
the white light just those constituents which the vapour itself emits 
when heated to incandescence ; so the resultant spectrum is like a 
continuous spectrum crossed by a number of dark lines due to the 
absorption of some of the rays during their passage through the vapour. 

Examples. — {a) Solar spoctniin, i.e. the spectrum obtained by sun light,. 
in an example of this class. Here a continuous spectrum is crossed by a largo- 
number of dark hues. 
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(i) View the spectrum of an electric arc. It 
is a continuous spectrum. Now interpose bet- 
ween the arc and the' slit sodium vapour by heat- 
ing sodium (common salt) in a non -luminous 
Bunsen ilaine. A dark line , appears in ihr 
yellow part of the white light spectrum. 

This shows that vapours and gases, 
which produce bright-line spectra when 
emitting light, must, when absorbing, produce 
dark-line spectra. 


(ii) Dark band Spectra. — Instead of inter- 
posing sodium vapour, as in example (6) given 
yiisiBL£{ K I ^ above, if the spectrum be viewed through a. 

piece of red glass, then only red colour of the 
spectrum will be visible, because red absorbs 
all the colours except the red. Similar effects- 
will be produced by using other coloured 
x-RAis{ I/I glasses. A dilute solution of potassium 

permanganate absorbs the middle region of 
the spectrum. Hence in the spectrum of 
white light passing through such absorbing 
media, dark bands, or absorption bands, as 
they are termed, are present due to some 
116 portion being absorbed. 

99. Some Wave-lengtbs of Ether Waves. — Of all known ether 
waves only a small portion can produce the sensation of light. The 
wave-length of the longest of these waves is 80 x 10'” cm. These waves 
produce the sensation of red lights The wave-length of the shortest 
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waves 40 X 10"® cm. [see Art. 102(b), Part II]. These produce the 
sensation of violet light. Wave lengths are measured in units, called 
Angstrom units (A. U.), one Angstrom unit being equal to 10"® cm. 
Therefore .the wave length of red waves is 8000 A. U , and that of the 
violet waves 4000 A.U. So the wave-length of the visible portion of the 
spectrum ranges from 8000 to 4000 A. U. The wave-length of ultra- 
violet rays ranges from 4000 to 1000, of X-rays from 1400 to 0'06 ; 
infra-red rays from 8,000 to 4,000.000 A.U. ; longer waves are generally 
called the Hertzian waves. Hence the following types of radiation 
are all similar and are arranged in order : — Hertzian waves, infra-red, 
visible light, ultra-violet, X-rays, gamma rays (Pig. 116). 

99(a). Spectra of the Sun and Stars : Fraunhofer Lines — If 

a solar spectrum be carefully examined, it will be observed that the 
whole length of the spectrum is crossed by a large number of dark 
lines. Fraunhofer was the first to notice this, and he giade a syste- 
matic study of these lines. He named these lines by the letters of the 
alphabet ABCDEFGH : of which A, B and C are in the red, D in the 
■yellow, and so on. These unes are known as Fraunhofer lines. 

Kirchhoff’s law. — It was not until 1861 that Bunsen and Kirchhoff 
first gave an explanation of the Fraunhofer lines. The sun is assumed 
to consist of a white-Hot solid (or liquid) at the centre, known as the 
photosphere, surrounded by a comparatively cooler atmosphere, called 
the chromosphere, in which practically vapours of all the terrestrial 
elements like oxygen, hydrogen, calcium, sodium, etc., are present. It 

f ias already been stated that the vapour of an element absorbs those 
ight waves which it would itself omit if it were incandescent. So, 
according to Bunsen and Kirchhoff, the white light emitted by the sun, 
in its passage through the cooler envelope, containing vapours of 
different elements, is robbed of those rays that can be produced by the 
elements when incandescent. Hence the preseuce of the' dark 
' lines in the solar spectrum indicates tiie presence of some 
^ elements in the atmosphere of the sun. The lines appear dark by 
contrast with other portions of the spectrum and are not 
really due to absence of light As evidence of the correctness of 
this, it may be cited that during a solar eclipse, when the sunlight 
is cut off by the moon’s disc, the solar spectrum becomes reversed, the 
dark lines appearing bright in the absence of the more luminous 
spectrum. 

Hence the law is, ''The vapour of an element at a lower temperature 
Selectively ahstyrhs the light which it will itself emit when at a higher 
temperature'* This may be verified as in example (b) under dark line 
^ spectra in Art. 98, 2(i). 

11 (ID 
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The spectra of most of the fixed stars are like the solar spectrum, 
i,e. a spectrum of dark lines on a bright background. - There are cer- 
tain heavenly bodies, known as the nebulae, which give an emission 
spectrum of a small number of bright lines. This shows that such 
bodies must be wholly gaseous, and those gases are pflrobably at a very 
low pressure. 

100. Spectrometer. — A spectroscope is a compact apparatus for 
producing a pure spectrum and also for observing spectra of various 
kinds. A spectroscope when provided with a suitable scale for measure- 
ment is called a spectrometer (Fig 117). 

Parts — This instrument consists of a collimator, a telescope, and a 
prism-table. The collimator C is a telescopic metal tube having 
an adjustable slit S fitted at the outer end of a tube which can 
be moved in and out of the collimator tube. This has a convergent 
len 4 S*S)@(;tiOi at the otlier end, which is turned towards the prism -table. 
Thp Mtaftpepe T is also a metal tube having a convergent lens-system 
at each end, the object-glass being one which is turned towards the 
prism and the other is the eye- piece beyondP’ which the eye is placed. 

The telescope can be moved round the prism-talple which, as also 
the telescope, can be clamped in any position. The telescope and the 

collimator should be 
such that their axes 
can be arranged to 
be in the same 
straight line passiur^ 
through the centre of 
the prism- table. The 
slit of the collimator 
should he at the prin- 
cipal /ecus of the 
lens, so that the 
rays passing through 
the lens are ren- 
dered parallel before 
Fig. 117 — Spectrometer falling on the face 

of the prism placed on the table in the position of mini- 
mum deviation in order that the rays of different colours will 
appear to he distinct and separate. The rays refracted through the 
prism are received by the telescope which is already focussed for 
parallel rays and a pure spectrum will be seen through it. The axis 
of the prism-table and the axes of rotation of the telescope and colli- 
mator should be the same. 
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Adjustments. — 

(1) Telescope and Eye-piece - — Turn the telescope towards a white 
surface, say a white wall, and adjust the eye-piece until the cross- 



wires are clearly visible. Focus the telescope on a distant object and 
it is then said to be focussed for parallel rays (Fig. 118). 

(2) Collimator and Telescope . — Arrange a sodium flame in front 
of the, slit S by heating in a Bunsen burner a strip of asbestos soaked 
in a solution of common salt. Turn the telescope to view the slit 
through the collimator after making the telescope co-axial with the 
collimator. Now the slit is drawn in and out till a sharp image of 
it is seen thrdugh the telescope, which was already focussed for 
parallel rays. So the rays emerging out of the collimator are 
parallel, that is, both the telescope and the collimator are now focussed 
for parallel rays. 

(3) Prism-tahle . — Now place the prism on the prism-table and 
^adjust its height properly. 

101. Use of Spectrometer. — The spectrometer is used for (a) 
determining the refractive index of the material of a prism by the 
method of minimum deviation, and for (6) studying the different 
kinds of spectra of different sources (See Art. 103). 

102. Experiments with the Spectrometer. — (1) Determination 
of the Angle of a Prism. — After the above adjustments of the 
spectrometer place the prism in such a way that the parallel beam 
from the collimator falls on the angle to be measured. Now keeping 
the prism fixed, the telescope is turned on either side of the two 
faces of the prism to receive the reflected image of the slit on the 
cross-wires. Accurate readings from the scale and vernier for the 
two positions of the telescope are taken, the difference* of which will 
give the angle between the two reflected beams, which is twice the 
angle of the prism. 

The principle of this method is the same as that explained in 
Art. 69 (see Fig. 70). 
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(2) DetennlDaiion of the Angle of Mlnlmium Deviation : — With 
the speotrometer set up as in the last experiment obtain through the 
telescope a refracted image of the slit. Now rotate the prism-table 

’ when the image will be found to move in a particular direction and then 
for a certain angle of incidence it will stop and then»turn back in the 
opposite direction. This is the position of minimum deviation. Bring 
the telescope to receive the image on the cross wires, and road the 
scale and the vernier for this position. Then remove the prism and 
take the direct reading of the slit with the telescope facing the colli- 
mator. The difference of these two readings is the angle of minimum 
deviation Tvide also Art. 58(b)J. 

(3) Determination of /i of the Material of a Prism : — Knowing 
the value of the angle of the prism and the angle of minimum deviation 
for sodium light, the refractive index of the material of the prism for 
sodium light can be calculated from the formula, 

=*Sin *^--2 I Sin ^ ■ (see Art. 57). 

103. Spectrum Analysis. — Each element gives its own peculiar 
spectrum ; for example, sodium gives two yellow lines ; lithium a red 
line ; hydrogen three red lines, one green line, and one violet line, etc. 
By the characteristic spectrum of each element, it may be detected even 
in minute quantities. A mixture gives a spectra of its components. The 
indentifioation of substances by observation of their spectra is known 
as spectrum analysis. This method has given a great deal of in- 
formation about the nature of the stars and nebula). The study of,^ 
spectra has also been of great service in many chemical investi- 
gations. 

104. Dispersive Power. — When white light is passed through 

a prism, the composite colours are deviated to different extents and 
so an angular separation, which is called dispersion, takes place 
between the colours, which will increase with the refractive index of 
the prism. The power of spreading up of the differently coloured rays 
by different transparent materials — i.e. the dispersive powers of 
different substances — are different, and the dispersive power of the 
material of any prism with respect to any two colours is measured by 
the ratio of the difference between the deviations of those two colours to- 
the deviation of the mean ray between them. Thus, if A is the angle of 
a given thin pri^m for which the deviations suffered by the red, violet 
and mean ray are respectively given by <5, and if and ^ be 

the respective refractive indices corresponding to those colours^ 
we have, 

Sr - (Hr-1) A ; s„ - (%-l) A ; s - (M--1) A. 
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Prisms made of different kinds of glass have got different dispersive 
power?!, i.e. they can separate the colours to different extents The 
dispersive power of flint glass, which is a silicate of lead and potassium, 
is much greater than that of crown glass, which is a silicate of sodium 
and calcium. For a given angle of deviation tho dispersion produced 
by a carbon disulphide prism is even greater. So for projecting a long 
spectrum a carbon disidphide prism is often used. 

From the above it is clear that it is possible to combine a crown 
glass prism and a flint glass prism of different angles (i.e. whose refrac- 
tive indices are different), placed with their refracting angles turned in 
opposite directions, in such a way that rays of light passing through 
them will be (a) dispersed witliout deviation, or (h) deviated without 
dispersion. 

(a)' Direct-vision Spectroscope ; Dispersion without Devia- 
. tion. — The principle of di^^ei'sion without deviation is employed to con- 
struct the Direct-vision (or Pocket) Spectroscope where usually three 
crqwn glass and liwo flint glass prisms are combined to give dispersion, 
bufi they are so placed and the refracting angles of the prisms are so 
chOen that the combination allows light to pass through it without 
undergoing any deviation. 


R- 



V - ^ 


Fig. 119 — Direct- vision Spectroscope. 

In Fig. 119, three ci'own and two flint glass prisms are cemented 
together as shown in the figure, the crown and flint glass prisms being 
placed alternately with their refracting edges turned in opposite direc- 
tions and mounted inside a metal tube having a lens D at one end 
and a lens 0 at the other end. This tube slides in another tube having 
an adjustable slit S through which light is admitted. The width of 
the slit S is regulated and the inner tube adjusted so that the slit S 
is placed at the principal focus of the lens L and thus a beam of parallel 
rays which is made to pass through the combined prism suffers 
dispersion without any deviation. The spectrum PF thus produced 
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is viewed by the eye-piece E, In Fig. 119 the paths of the different 
colours arising only from the central ray coming from S are shown. 


(b) Deviation without Dispersion. — Similarly as above, the 
refracting angles of a crown glass prism and a flint glass prism can be 
so chosen that when two such prisms are combined together with their 
refracting edges turned in opposite directions, there will bo no angular 
separation, i.e. no dispersion^ though the combination will deviate the 
beam of white light as a whole. This is called an achromatic com- 
bination of prisms. 


105. Chromatic Aberration. — A convex lens may be supposed 



to he built up of several prisms 
(see Art. 65), and it produces 
dispersion like a prism due to 
which violet rays being most 
refrangible are brought to a 
focus at Fv (Fig. 120) nearer 
to tine lens, and the red rays 
being least refrangible are 


Fig. 120 — Cliromiitic Aberration. focussed at i*/? at a greater 

distance. The rays of yhe 
intermediate colours are focussed between Fr and Fv . Due to lliis 


the real imago on a screen is found to be fringed with colours of the 
spectrum. If the screen bo placed at Fv , the outer edge of t\e 
image will bo coloured red, and if placed at Fr, the outer edge will bo 
coloured violet. This effect of dispersion of light by a single lens is*^ 
called chromatic aberration of the lens. 


Achromatic Lens. — As two prisms, one of crown glass and 
another of flint glass, can be combined to obtain deviation without 
dispersion [Art. 104(b) I, so, by combining a convex or converging lens of 
crown glass with a concave or diverging lens of less power {i.e. longer 
focal length) made of flint glass (which has a higher dispersive power), 
the dispersion due to the crown glass lens may be neutralised by that 
due to the flint glass lens ; but the deviation produced by the convex 
lens is only partially neutralised by the deviation in the opposite 
direction produced by the concave lens so that the combination still 
acts as a converging lens. Such a combination of two lenses in which 
chromatic aberration is reduced to a minimum is called an achromatic 
lens. It should bo remembered, however, that such a combination of 
two lenses will not be achromatic for all colours of the spectrum 
but will be only achromatic for two colours. 

106. Recombination of Colours. — (a) A pencil of white light is 
admitted through a vertical nrrrow slit S which is placed at the 
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principal focus of an achromatic lens L (Fig. 121). The emergent 
parallel beam falls on the prism and is dispersed. P^ is an exactly 
similar prism placed with its refracting edge opposite to that of the 
%rst so that the two prisms constitute a parallel-faced slab of glass 



White 


Fi«. 12\ 

only. The beam dispersed by the prism Pi enters into P 2 and comes 
out as* a pirallel beam This light received on a screen appears as 
^ white, the reason being *fcho neutralisation of the dispersion, or the 
angular sepiratiorj, between the rays from one prism by the other. 
Tlio incident pencil is only a little displaced laterally. The 
borders of the white patch will be tinged with red and violet colours 
respectively owing t6 the dispersion of the extreme rays. 

(b) Newton’s Disc. -The same elTeut can he produced also by the 
Newton's Disc (Pig. 122), which is a circular card-board disc divided 
usually into four (piad rants each of which 

•is painted with the dillerent colours of the 
spectrum in the proportion in which they 
are present in white light. When the disc 
is rapidly rotated by means of a whirling 
table, the impressions produced by different 
colours overlap and the disc appears greyish 
white. The recomposition is duo to what 
is called the '‘persistence of vision” (see 
Art. 93). 

(c) The different colours produced by 
dispersion of a composite light through a 
prism may also he recombined by the use 
of tiny plane mirrors placed suitably so as to redect each of the 
dispersed colours to the same spot on a screen. The resultant effect 
will resemble the original colour. 

107. Colours of Bodies. — (a) It has been verified by experiments 
that coloured bodies, whether opaque or transparent, have got no colour 
of their own. Their colours are determined by (i) the nature of the 



168 


INTERMEDIATE PHYSICS 


incident light ; {ii) the proportion of it absorbed by them, and 
(m) the sensation of the colours produced in the eye by the colours 
* not absorbed. 

Incident Light . — Sunlight is white because all the different cons- 
tituents of white light are present in it in necessary proportion, but 
all the so called artificial white lights are not really white. They more 
or less lack in some constituents of white light. For example, the 
light from an electric lamp contains much more red-orange and less 
blue-violet ; that from a gas lamp is reddish yellow and deficient 
in blue constituent. So a blue suit looks darker in artificial light. 
Light from an electric arc is almost white as daylight. So the colours 
of bodies may bo much changed if the incident light is itself coloured. 

(1) Opaque Bodies. — Of the light incident on an opaque body 
a portion is refiocted at the surface, some may penetrate a little dis- 
tance within it and then return in part, and some may be completely 
absorbed. The colour of an opaque body then depends upon the 
nature of the incident light and also the light absorbed by it. So the 
body Appears coloured with the constituents reflected by it. Thus in 
white light a red flower appears red because it absorbs^ all the consti- 
tuents except the red which is reflected by it. A body appears white 
as it reflects all the constituents of white light absorbing nothing, and 
a body is black when it absorbs all the constituents reflecting nothing. 
Thus the colour of the reflected light is not due to something added to 
the incident light but something usually subtracted from it. 

By passing the object along different parts of a spectrum, the theory 
of colour may be verified. A white flower appears white in white light 
but it will appear red in rod light, green in green light, and so on. A 
red flower will appear bright red in the red part of the spectrum but 
black in other parts as it absorbs all the colours except the red which 
it reflects. Seldom we get a body having a pure colour, so the 
reflected colour is not always a pure colour, but may be a mixture 
of their adjacent colours ; hence a body when held in tha spectrum 
may appear bright in one portion, but not totally black in the adjacent 
portions, as it may reflect these colours also to some extent. 

(2) Transparent Bodies.— When white light is incident on a 
transparent body, it absorbs some constituents and transmits the rest 
to which its colour is due. A piece of red glass appears red because it 
absorbs practically all the colours except the red which it transmits. 
Again, if the object be held in the light which is itself coloured other 
than that of the body, it will appear black. So a piece of red sealing- 
wax will appear red through ired glass, but a blue or green object will 
appear black because the red light coming through the red glass is ab- 
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sorbed by the green or the blue object, and the observer reoeives 
no light. 

The colours of many coloured glasses are not, however, pure ; 
^yellow glass transmits yellow but green and orange as well, and blue 
glass allows indigo and green besides blue. So tlie combination of 
these two glasses will allow the light common to both of these, i.e. green. 

Even a good transparent body like water, glass, etc., absorbs 
some light, which may not be noticeable in thin layers, but the effect 
is marked in thicker layers. Ordinary deep water looks greenish, but 
when the depth is very great it may appear black. 

(b) Colours of Powders. — The colours of many substances in 
the powdered state look lighter because the incident light is repeatedly 
reflected from many particles in dill’erent layers and so is unable to 
penetrate far below to be absorbed. If, however, the powder is very 
fine, practically no absorption will take place and the powdered mass 
^ will appear white due to tlje diffused light reflected in all directions. 

108. (a) Primary and Complementary Colours : Mixture of 

Spectral Colours. — It was shown by Newton that all the seven 
spectral colours into which white light was spilt up could not be 
further analysed, te. those colours were pure But there are three 
spectral colours, red, green, and blue, by mixing which in right pro- 
portions all other colours of whatever shade may bo obtained. They 
are, therefore, called the primary colours. Any two spectrum colours, 
•which together give white light, arc called complementary colours. 
Thus bluish green and red, yellow and blue, greenish yellow and violet 
are complementary. 

If red and qreen light are mixed, the resulting colour is yellow, 
which the eye cannot distinguish from a certain spectrum yellow ; but 
a spectroscope will at once show the difference ; for the spectrum 
yellow seen through a spectroscope will remain yellow, whilst the 
yellow formed by the mixture, when examined by a spectroscope, will 
be separated into its red and green components. 

It is clear from this that wave lengths determine colour but 
colour does not necessarily determine wave length. 

(b) Colours of Paints or Pigments. — The mixing of coloured 
paints or pigments is not the same as that of mixing of two coloured 
lights or spectrum colours. For example, yellow rays of the spectrum 
mixed with blue rays produce white light, but the mixture of yellow 
and blue pigments appears green. The colours of pigments depend 
upon the particular colour or colours each absorbs. This is because 
the yellow particles of the pigment absorb all except yellow, and blue 
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and green particles of the pigment absorb all except green and blue.. 
Hence the mixture reflects the green rays alone which are not absorbed. 

To sum up we may say that in the case of mixing spectral colours , 
we have the effects of superposition or addition, while in the case of 
mixing pigments the effect is of absorption or subtraction of colours, 

109. Ketinal Fatigue. — When we look intently on a bright object 
for some time and then suddenly turn our eyes on to a white surface 
wo do not see the object in its actual colours, but the shape of the 
object is seen in dark outline. This phenomenon is called Retinal 
fatigue. This is duo to the fact that the nerves of the retina being 
excited by strong light become insensitive for some time to less power- 
ful source. Tlie colours of the temporary illusive image —called the 
after image — which is seen due to the retinal fatigue are complementary 
to the actual colours of the object Thus when we gaze intently on a 
red patch printed on a white screen for some time and then suddenly 
look at a white surface wo appear to see a greenish blue patch as 
greenish blue is complementary to rod. Similarly when wo gaze at a 
blue patch painted on a red background, it will appear temporarily 
to be red on a blue background after suddenly turning bur eyes on to* 
a white screen. 

110 (a) The Colour of the Sky — It may bo noticed that of 

the sea-waves of various sizes striking at the sides of a ship lying at 
anchor, only the smaller waves are thrown back {i.e. reflected) from 
the sides of tlie vessel, while the larger waves pass right on without, 
being hampered in their progress. 

Somewhat similarly when light waves of different sizes (?' e. wave 
lengths) start from the sun and pass on through the atmosphere they 
encounter innumerable dust and air particles which can easily scatter 
the smaller waves (i.e. blue and violet waves), but they are not large 
enough to stop the larger waves (^ e. red waves). So the red waves 
pass right, on like the larger sea waves passing the ship, while the 
blue and the violet waves become scattered. For this reason the sky 
appears blue. 

(b) The Colour of the Sunset. — The sun at midday is nearest to 
us, but as it sinks lower towards the horizon the rays have got to 
travel through a greater depth of the atmosphere, and so gradually 
more and more of the smaller waves (i.e. violet, blue, etc.) are scattered 
6r reflected, and finally the larger (i.e. red) rays predominate and 
produce the beautiful colour of the sunset. 

lit. Rainbow. — Rainbow is a beautiful solar spectrum formed' 
when the sun shines on rain-drops or fountain spray. The result is due 
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to reflection, refraction, and dispersion of the rays by raindrops and an 
observer standing with his back to the sun sees a circular arc of spec- 
trum colours, the red being at the top or the outer edge, and violet at 
fhe bottom or the inner edge. This is called a Primary Rainbow. 
Sometimes another arc is seen outside the first with the order of the 
colours reversed, i.e. violet on the top and red at the bottom. This is 
known as a Secondary Rainbow. 

Primary Rainbow. — The primary bow is produced by rays of light 
which have undergone two refractions (not total reflection) in the 
raindrops. In order to under- 
stand the formation oF the pri- 
mary bow, consider light from the 
sun falling in parallel rays upon 
a spherical raindrop. One of the 
rays is shown in Fig. 123 incident 
at A. It will be refracted at A 
^and, on reaching the sui^face of 
the drop at B, some of the light 
will pass out, but the rest will bo 
reflected and will re^h C, where 

some will emerge along a Fig. A Uuy of Liglit from the Sun 

fraction being reflected at G inside suflbnng Boflcciion m a Uaindrop 
the drop. Here the angle of deviation of tne ray incident at 

7) = 7i- LADC-^n-2LADO 
• =-71-21^ Lf)AB)\ 

71 - 2|^ - - r) — (i - r)l + 2/ — 4r. 

Rays will be incident on the drop at all angles between 0” and 90** : 
those falling normally (7 = 0 **) will pass through the centre of the drop 
and will be reflected back along the same part for which D will be 
180“. If a graph be plotted between D and i of any ray, the curve will 
be like that shown in Pig. 68, and the minimum value of D for any 
ray can be obtained from the graph. The minimum value of D, 
however, will be different for different colours. For red this value 
is 138®, the corresponding angle of incidence being 61®, and violet 
being more refrangible than red the minimum value of D for violet is 
140®, the corresponding angle of incidence being less thin 61®. 

It will be noticed from Fig. 68 that for rapid changes of i in the 
neighbourhood of the lowest point on the curve, D changes slowly, 
and consequently the emergent parallel rays will be more closely 
packed ; so when the rays traverse the drop in such a way that the- 
deviation is a minimum, then they become sufficiently concentrated* 
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in one direction to be seen hy the eye. Each ray of the beam from the 
sun suffers a deviation v^hioh is different for different colours and so 
•dispersion would take place resulting in the formation of a spectrum. 
It has been seen that in a bow the emergent red^rays make an angle 
of 42® {i e. 180® -138®), and the violet rays an angle of 40® {i.e, 
180® — 140°), with the line parallel to the original direction, i.e. the 
lino joining the sun and the eye of the observer, 

Fig. 124 shows an observer at E with his back to the sun facing 

the raindrops ill. ^21 etc. Hence 
if with the eye R as the apex a 
cone having a semi-vertical angle 
of 42® {i.e. 180° - 138®) with its 
axis EK parallel to the sun’s ray 
is drawn, all the red rays emerging 
from drops lying on the bounding 
surface of this cone will travel to- 
wards the eye E of the observer ; 
and since these rays will have 
suffered minimum deviation they 
will be easily seen. Now the violet 
being more refrangible, that is, the 
refractive index of water for violet 
light being greater than that for 
red, the angle of minimum deviation 
(140®,) is greater for violet rays than . 
for red, and so the semi- vertical 
angle of the corresponding cone will 
be less for the violet than for the 
red rays. It has been found that 
the emergent violet rays are in- 
clined to the same line EK at an 
■angle of 40®, and all the drops lying on the bounding surface of this 
cone will send violet rays to the eye. The other colours occupy inter- 
mediate positions between these. Thus the primary bow consists 
of a coloured arc, red on the outside and violet on the inside. 

Secondary Bow — Here the sun’s rays suffer two reflections and 
two refractions, as shown at A an and \n Fig. 124, and the violet 
light emerges making an angle of 54® and the red an angle of 51® with 
the line EK from the sun to the observer. Thus the colours in the 
secondary bow are reversed, violet being on the outside and red inside. 
’The secondary bow is much fainter than the primary bow. 

112. Transformation of Absorbed Radiation. — Bodies are ge- 
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nerally rendered hot When light waves fall on them, which means thafe 
smaller light waves are absorbed by :the bodies and are transformed 
into longer heat waves. There are also many substances which absorb 
light rays of one wave-length and emit light of another wave-length. 
This is shown by the following phenomena. — 

(a) Fluorescence — Some substances when exposed to light of one 
kind become luminous and continue to emit light of another kind. 
These substances absorb waves of a particular colour, say violet, and 
emit waves of another colour, say blue. This phenomenon is called 
Fluorescence and the substances are called fluorescent. This effect 
is only confined to surface layers and lasts as long as the radiations 
fall on the fluorescent substance. This effect was first noticed in 
Fluorspar (calcium fiuoridej and hence it is termed fluorescence. It 
should be noted that it is not a case of reflection (though the effect is 
confined to the surface only) as the colour of the emitted light is 
changed. If a solution of chlorophyll (the green colouring matter of 
plants) in alcohol is exposed to white light in a dark room, tue emitted 
Tight is brilliant red. Ordinary paraffin oil, or a solution of quinine 
sulphate, exposed to sunlight, presents a bluish appearance. 

Again certain substances exposed to invisible ultra-violet radiations 
convert them into rad*iations of longer waves and become visible. 

Luminous dials of watches and clocks are coated with a compound 
of radium mixed with crystalline zinc sulphide. The greenish-yellow 
light which comes out is the result of the impact of the X-rays 
^Part. VII) given out from the radium on the zinc sulphide. 

The fluorescent screens used in X-ray work are coated with barium 
platinocyanide. These screens will fluoresce yellmu under the action 
of X-rays and give out a greenish glow in the violet and ultra-violet 
parts of the solar spectrum. In studying the phenomenon of fluores- 
cence quartz lenses and prisms are to be used instead of those of glass. 

(b) Phosphorescence. — Certain substances, such as diamond, 
calcium sulphide, etc., when exposed to sunlight for sometime, retain 
their fluorescent state even after the light is completely cut off. This 
phenomenon is called phosphorescence. This term is applied to the 
glowing of phosphorus seen in the dark which is really due to slow 
oxidation. 

The glow-worm and many marine forms of life are selMuminious 
and this is different from phosphorescence. The phosphorescence of 
decaying substances, such as rotten fish, etc., seen at night, is due to 
some bacteria giving out light. 

Phosphorescent paints can be purchased which absorb light during. 
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day-time and give it out at night. These paints contain calcium 
sulphide and barium sulphide. 

The difference between phosphorescence and fluorescence, lies 
in the fact that the former effect persists for some time while the latter 
ceases as soon as the exciting light is cut off. 

It has been found that violet and ultra-violet rays are most 
effective in exciting phosphorescence and also fluorescence. 

(c) Calorescence. — Some substances which can absorb long heat 
waves and transform them into smaller light waves are called 
calorescent substances. If light from an arc-lamp be passed through 
a solution of iodine in carbon bisulphide to cut off' the light rays, and 
then the heat radiations be focussed on a thin sheet of platinum, the 
platinum sheet becomes highly luminous, i.c. gives out visible light 
radiations of smaller wave lengths (first shown by Tyndall). 


Questions 

Art. 94. 

1 Explain clearly why a prism is chosen for producing spectrum. 
Draw a diagram of the arrangement for producing a pure spectrum and add 
notes on the different parts. (Hee Art. (Pat. 1932) 

Art. 95 

2. Describe an arrangement of apparatus by which a pure spectrum 
may be produced on a screen. (C. U. 1911, ’13, ’14, ’17, ’22, ’28, ’31, ’39, 
’45, ’47, ’49 ; Pat. 1920, ’26, ’28, ’30, ’31, ’36 ; All. 1916, ’22, ’23, ’31 ; Da-. 
’30, ’32, ’34). 

Explain the function of each part of the apparatus. Draw a careful diagram 
of your arrangement, showing the order of the coloured rays on the screen. 

(Cal. ’47) 

3. What is spectrum ? Distinguish between a real and a virtual spectrum, 

a pure and an impure spectrum. (Pat. 1941) 

4. What is a pure spectrum and how it can be produced ? Describe experi- 

ments to show that the radiation from arc lamp extends beyond red at one 
end, and beyond violet at the other end of the spectrum. (Pat. 1931) 

also Art. .96') 


[Hints . — In the Infra-red part of the spectrum ( i.e. beyond red) the heat 
radiation can be detected by a thermopile or an ether thermoscope. The radia- 
tion in the untra-violet portion (beyond violet) can be observed by the aid of 
photograph'^. A photographic plate exposed to the ultra-violet rays (termed 
actinic) will be found to be affected on development.] 

5. Describe a spectrometer. Explain why it is necessary to place the 
prism in the minimum deviation position. (See also Art. 100) (0. U. 1987) 
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5(a). Explain how a pure spectrani may be formed on a screen by means 
■of a prism, a slit, and two convex lenses. • Illustrate your answer with a neat 
diagram, showing the course of the rays. 

What differences are there between Ihc spectra of the light from an ordinary 
electric lamp, a sodium flame, and the sun *? (Pat, 1948) 

Art 98. 

6. Discuss in general terms the spectrum produced by the following : — 

When the sun is used as a source of light, (W When the light is 
produced by an incandescent solid, (c) When the flame of a Bunsen burner is 
coloured by sodium light, (f7) When light is produced by a luminous gas flame. 

(C. U. 19‘23, ’25. ’28, '32, ’45 ; Pat. ’28, ’36 ; cf. Dac. ’29, ’35) 

7. A clean platinum wire is gradually heated in a non-luminous Bunsen 
‘flame and observed through a spectroscope ; state what you observe. 

(C. U. 1933) 

8. Describe the various forms of spectra that may be obtained illustra- 
ting each type by au example. (0. U. 1916 : All. ’23) 

9. Objects which appear variously coloured in white light are illuminated 
sodium flame. Describe lyid explain the effects observed. 

(Sec Art 107) (C. U. 1909, ’ll, ’24) 

10. A gas absorbs from the incident light just the rays it itself omits. 

How would you verify this experimentally *? State the importance of the 
principle. (Pat. 1924, ’29) 

11. Describe briefly the nature of the observed spectrum w'hen the source 

of light used is : (a) au iron arc, (6) a white hot carbon rod with a glass cell 
•containing dilute solution of permanganate of potash in front. (Pat. 1946) 

# In what ways does the solar spectrum differ from that produced by an 
arc- lamp ? How do you account for these differences ? (Pat. 1938) 

Art 99. 

12. What are Fraunliofer lines in a solar spectrum ? How has their 

•origin been explained *? (Pat. 1946) 

13. Describe a solar spectrum, and give a general explanation of the dark 

lines in the spectrum. (C. U. 1918 : All. ’22) 

Arts. 100 & 101. 

14. Describe and explain tJie use of a spectroscope. 

(0. U. 1911, ’16, ’18 : cf ’46) 

15. Describe the constituent parts of a spectroscope and their functions. 

State how would you lit it up and show the path of monochromatic light 
through it. (0. U. 1935 ", cf Pat. ’34, ’46) 

16. How do you obtain a pure spectrum with the help of a prism spectro- 
meter ? Give details of adjustments required. (All. 1945) 

17. Describe any compact apparatus that may be in use to obtain a pure 

spectrum. (Patk 1980 ; C. U. ’44) 
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Art. 102. 

18. Describe the different parts of a spectrometer. How will you proceed' 
to use the instrument to ffnd the refractive index of a prism ? 

(See Art. 100) (Del. U. 1938, C. U. 1937, All. 1946)- 

Art. 103 

19. What is monochromatic light ? How would you verify whether a 

given light is monochromatic or not ? (All. 1945)* 

(See Art. 94) 

Art. 104 

20. Distinguish between dispersion and deviation. Describe a contri- 
vance by which you can get dispersion without deviation. 

. (C. U. 1922, '25, cf ’46 ; All. 1921, ’44 ; Pat. 1936) 

21. Give a short description, with a neat diagram, of the direct- vision 

spectroscope. (C. U. 1933 ; All. ’44> 

Art. 106. ' 

22. Describe any two methods of re-compounRing, to form white light, the 

various kinds of light obtained in a spectrum. (C. U. 1946, ’49)‘’ 

Ana. 107 & 108. 

23. Describe and explain the appearance of (a) a red flower, (6) a green 

flower, (c) a piece of white paper, and (d) a black object, when they are moved 
from one end of the spectrum of white light to the other. (Pat. 1933) 

24. Why do white objects appear blue and yellow objects black when 

seen through a thick blue glass ? Describe some experiments to show that 
your explanation is correct. (Dac. 1932)<‘ 

25. What is the colour of an object due to ? Explain why (a) a mixture 

of ordinary blue and yellow pigments appear green, and (/>) when dark blue 
crystals arc grounded into fine powder, the colour of the latter appears to be 
light blue. (Pat. 1940 ; C. U. ’411 

26. Blue and yellow sectors on a rotating disc give white while blue and 
yellow glasses combined transmit deep green or none at all. Explain. 

(Pat. 1927) 

27. Write short iiot^s on the following : — (a) complementary colours, 
(6) phosphorescence, (c) Fraunhofer lines. (See Arts. 99^ lOH and 112). 

. (C. U. 1922) 

28. Why do ordinary blue and yellow pigments appear green when mixed ?■ 
Objects which appear variously coloured in white light are illuminated by 
sodium flame. Describe and explain the effects observed. (C. U. 1919 ; ’44) 

Art. 109. 

29. A man gazes intently, for a time, at a red square painted on a piece of 
white cardboard. He then looks at a white screen and appears to see a square 
of different colour. What colour does he see ? Explain the phenomenon. 
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The experiment is repeated with a bhie square painted on a red back ground. 
Describe and explain what the observer notices on looking at a white screen 
immediately afterwards. (0. U. 1941) 

^rt. 111. 

30. Write short notes on : (a) Rainbow, (b) Fraunhofer lines, (c) Achromatic 
combination, (d) Line spectra. {See also Arts. . 9 . 9 , lOfj). (All. 1944, *46) 
Art. IL2 

31. What is the dilleronce between phosphorescence and fluorescence ? 

(All. 1921 ; cf. C. U. ’35) 


CHAPTER VIIT 


Velocity of Light : Theories of Light. 

113. Velocity of Light (Romer’s Method).— The velocity of 
light, was tir-st determined by a Danish astronomer, named Romer, in 
1676 by observing the eclipses of one of Jupiter's satellites. The planet 
Jupiter has got nine satellites revolving round it just as the moon 
revolves round the earth. The satellites become eclipsed when in each 
revolution they pass into the shadow of the planet thrown by the sun. 

" The interval between two consecutive eclipses of the innermost satel- 
lite of Jupiter is 42 hours 48 seconds, which is the time required for 
one complete revolution of the satellite round Jupiter. 

Homer with his astronomical telescope kept the innermost satellite 
under observation and found from a stop-clock the time interval 
between two successive eclipsos when the Earth 'and Jupiter 
were in coDiunction (nearest to each other), i.e. iihey were at 
Ex and (Fig. 125) with the sun S in the same straight line 
having the earth in the middle. He noted that during succeeding 
months as the earth moved away from the Jupiter, the time interval 
between successive eclipses gradually increased until about 6 months 
later it became maximum when the earth and Jupiter were in 

12 (II) 
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opposition (farthest from each other), i.e. they were at £?3 and /s 

with the sun S in between. As time 
^ ^ ^ advanced and the earth moved nearer 

I (j^P' to Jupiter, again the time interval^ 

between successive eclipses was noted 

''Qg \ now to decrease gradually until about 

/ ^ months later, when the earth moved 

8 ^4: ' position of conjunction, as 

O ^ again became equal to 

\ iihat at the first position of conjunction. 

\ We, ' The variation of the interval between 

^ V. successive eclipses was explained by 

/ Romer by pointing for the first time to 

the fact that light takes a definite time 
" - travel from one place to another. 

Tj . lu 1 Let 0 be the actual interval between 

Fig. 125 — Komcr s method , ... 

two successive eclipses. If n eclipses 

take place dkiring the time the eart^ 

moved from the first position (Ex) of conjunction to the position of 

opposition (E 2 )t the actual interval between the opcurrence of the 

first and the nth eclipse is (n - 1)0. The interval (Tx) which will be 

observed from the earth’s surface will, however, be given by. 


m 


Fig. 125 — Romcr's method 


Tx * ( 71 - 1)0 + 


(where v is the velocity of light) 


because an eclipse will be observed on the earth after an interv^ 

, ^ distance between Earth and Jupiter ^ , 

equal to ~vei^ity of” light actual occurren- 

ce. If n eclipses again occur as the earth moved from the position 
(E 2 ) of opposition to the second position (E^) of conjunction, the time 
interval (T*) between the first and the nth eclipses as observed from ^ 
the earth will be. 




6 ut E2J 2 “ -D “ 

the earth’s orbit round the sun. 

• n 

# m\ . J-y 1 rn / _ \ 


where D “ diameter 


!ri-(n-l)0 + 


(n-1) 0 - 


whence v 


rr. m ^ 2D 

■ . Ti - r* - — , whence v - . 

Bomer found (Tx ~ T9) to be 33 min. 12 secs. ; D was taken by him^ 
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to be 191 X 10* miles. His value of velocity of light in air was thus, 

The accuracy of Bomer's method was limited by the accuracy with 
which the diameter of the earth's orbit was kuown iu Bomer's time. 

Sources of Errors : — 

1. The earth's orbit is actually elliptical, with the sun at one 
focus, while Bomer assumed it to be circular. 

2. As there was no precision chronometer in Bomer’s time, it is 
unlikely that the observed difference of 33‘2 min. in a continuous 
record of time for about a year is free from doubts. 

114. Fizeau’s Method. — Fizeau was the first to measure 
the velocity of light in 1849 over terrestrial distances.* The principle 
of his method was to send a light signal to a distant station and back, 
and calculate the velocity by noting the small interval of time taken. 
The diagram of his apparatus in a simplified form is given in Fig. 126. 



Fig. 126 — Fizeau ’s method 

A beam of light from a bright source S passes through a convex lens 
Zfi, and is brought to a focus at the plane of the toothed \Vheel Z>, 
after being reflected by a plate of glass P placed at an angle of 45®. 
The toothed wheel rotates in a plane at right angles to the beam of 
light reflected from the glass plate P. The wheel has a large number 
of teeth equally spaced along its circumference, the opening between 
any two teeth being equal to the space occupied by a tooth. As the 
wheel is rotated, light is alternately intercotted by a tooth and allowed 
to pass through an opening. The plane of the disc is at the principal 
focus of a convex lens Z^ 2 . so that rays emerge from Zr* as a parallel 
beam, which, after traversing a distance of a few miles, arrives at the 
lens Ls and is brought to a focus at the surface of a concave mirror M 
whose centre of curvature is at the centre of the lens Then the 

rays are reflected back and retra verse their path as a parallel beam, and 
if the path of light is not obstructed, they will be reflected by P to S. 
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some being transmitted to the eye E through P. The observer at E 
will then see the image of S. 

The wheel D can be rotated with great velocity about its axle. 
It is possible by rotating the wheel, and so adjusting its speed, that 
when a beam of light after passing through the opening between two 
teeth of the wheel comes back to the wheel after reflection from the 
mirror ikT, it finds a tooth in place of the opening and thus gets stopped. 
The result of this will be that no image of the source will be seen. 
If the speed be doubled, the light will pass through one opening and will 
fall on the next opening after reflection and the image will be visible. 
If light travels with a finite velocity, then the speed of rotation of the 
wheel will affect the image seen, and if light travels instantaneously, 
however great the speed of rotation may be, the image will always be 
visible. Fizeau found that the speed of rotation affected the visibility 
of the image, so light travelled with a finite velocity. If the speed be 
so increased that more than 10 images are seen in one second, then 
due to persistence of vision a continuous image will be seen. ' But 
Fizeau so adjusted the speed that light travelA^d from the plane of the 
wheel to M and back again in the time taken by the next tooth to 
come into the position of the opening, and thus light was cut off from 
the observer at E. 

Calculations. — If light travels with velocity v and if it takes time 
T to travel from the plane of the wheel to the mirror M (a distance 
equal to x, suppose) and back, v = 2x. T. 

Let n be the revolutions of the wheel made per second. Then the , 
angle turned through by the wheel per second, i.e, the angular velocity 
of the wheel ** 


The time taken by the wheel to turn through an angle 0 which is 
subtended by an opening at the axle of the w^heel =*0/2^w. 

When the liqht was cut off for the first time for a particular speed 
of the wheel, 


2ir 

v= - = 4 . 7171 x 10 . 

0/2^n 

If number of teeth* on the wheel and if an opening is equal 
to one tooth, 

2m0 = 271 ; 0^7l;m. 




iTZflX 

Tijm 


“ 4mnx. 


In Fizeau’s experiment, the wheel had 720 teeth and made 12‘6 
revolutions per second when the image of the source was eclipsed. So 
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the time for one revolution of the wheel was 1/12'6. The teeth and 
openings were of equal length and so they together numbered (2 x 720). 
Therefore the time taken by a tooth to occupy the position of the* 
.preceding opening 


1 

2 X 720 X 12*6 


second. 


The distance between the piano of the wheel and the concave 
mirror M was 8633 metres, so light travelling from the plane of the 
wheel to M and hack traversed a distance of (2 x 8633) metres. There- 
fore the velocity of light, according to thw experiment, 


2 X 8633 
_ _ 1 

2 X 720 xT2-6 


= 315x10 


lo 


cms. per sec. 


Advantages and Disadvantages : — 

Advantages. — (1) It is a terrestrial method and the time of obser- 
vation is small. (2) All the quantities involved in the calculation are 
measurable and no assumptions are necessary. In these respects this 
method is superter to Homer’s method. 

Disadvantages.— (1) Primary diliiculty was in regard to the pro- 
duction and measurement of a uniform high speed of rotation of the 
wheel. Moreover, it was di Hi cult to determine the speed at which 
the exact extinction of image took place. 

(2) The light when not passing through an opening was reflected 
by the intercepting teeth back into the field of view causing a general 
illumination of the field of view. This made the image less distinct. 

(3) A large open-air space, about 4 miles in Fizeau’s experiojent, is 
necessary and so this experiment cannot be done in the laboratory. 
Moreover, due to absorption of light in the open-air space and loss of 
light by reflection from the glass -plate P, the image received by the 
eye {E) is faint. 

114(a). Value of Velocity Light. — 

The values i; = (3 004 ±0 003) x 10' cms. sec. by M. Cornu, and 
v = (2’9986±0’0003) X lO'^® cms./sec. by Miclielson and Newcomb 
make the greatest claims to accuracy. The most generally accepted 
value, however., is 3 x 10^^ oms./sec. 

114(b). Light-year. — Distances between stars are enormously 
large. So in Astronomy such distances are measured in terms of a 
very large unit, called the ''light-year" , It is equal to the distance 
over which light travels in one year’s time. Therefore one light-year 
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is equal to 365x24x60x60x3x10® metres ■■ 94608 x 10^^ metres 
-94*608x10^1 km. 

116. Theories of light. — To account for the various facts con- 
cerning light, it is invisible, it travels in straight * lines, it can be 
reflected and refracted, etc., two theories have been put forward. — 
(1) ■ the Coi'puscular or Emission theory, (2) the Undulatory or Wave 
theory. 

(1) Corpuscular Theory. — According to the corpuscular theory a 
luminous body is supposed to emit tiny particles in all directions, called 
Light Gorjmscles, very much, like shots tired from a gun. These 
corpuscles travel in straight lines with an enormous velocity (186,000 
miles per sec.) through gases, transparent solids and liquids, and 
through vacuum ; and the impacts of these corpuscles on the retina 
of our eyes produce the sensation of light. This theory was advanced 
by Sir Isaac Newton. The rectilinear propagation of light is readily 
explained by this theory and the reflection of light was explained by 
Newton by supposing that the reflecting surface exerted a repulsive 
force at right angles. This force gradually Neutralized the component’" 
of velocity perpendicular to the surface of the approaching particles 
without altering the component parallel to the surface. In explaining 
refraction, Newton had to suppose that the velocity of light in an 
optically-denser medium is greater than that in air, but later on this 
was proved to be false ; but still the corpuscular theory was generally 
accepted up to about 1800. 

(2) Wave Theory. — The wave theory was first formulated by th^ 
great Dutch Physicist Huygens in 1678 according to which lights 
like sound, is a form of wave-motion, but, unlike sound, light travels 
with perfect readiness through the best vacuum possible and even 
through the intermolecular spaces of all matter. But as every wave- 
motion requires a medium for its propagation Huygens assumed such 
a medium to exist and called it the ether, which pervades all space 
and penetrates matter. According to the wave-theory every point 
of a luminous body sends out waves in all directions which travel with 
the same velocity through the ether. Some of these waves falling on 
the eyes produce the sensation of sight. As when water is disturbed 
by throwing a stone into it, water waves are produced by the up-and- 
down movement {i.e. transverse movement) of the water particles, so 
ether waves ^tart by the transverse movement of ether particles 
produced by the vibratory motion of the ultimate minute particles of 
which a body is composed, i.e. ether particles vibrate perpendicularly to 
the direction of propagation of the waves. To be able to transmit the 
waves, the ether must be continuous, elastic and possess density. 
The elasticity must be very high like that of a solid and the density 
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extretnely small as that of an extremely rarefied gas. We have seen 
that light and heat are similar forms of energy and that a body which 
emits light also emits heat. Both light and heat energy are carried 
^by ether loaves generated by the vibrations of the internal structure of 
ah atom, that is, by the vibrations of the electrons (Art. 7, Part VI), 
of which every atom of a body 
is composed. The displacement 
curve of a light wave is shown 
in Pig. 127. It should be re- 
membered that water waves, or 
sound waves which are waves 
in air, are fairly large, whereas l‘^7 

the wave length— i distance of the hiqhest point {crest), or the 

lowest point (trough), of a wave to the highest or lowest point 
of the next wave (see Pig. 127) — of light waves is indescribably small. 
The wave theory can easily explain most of the c6mmon optical 
phenomena and so it has generally been accepted. 

“ Propagation of Wavec* — According to the wave theory every point 
of a luminous body is a centre of disturbance from which the waves 
spread out in all, directions through ether. If at any instant an imagi- 
nary surface is drawn, ^ tangentially through all the particles which are 
in the same state of vibration, i.e, in the same phase, the surface is 
known as a wave-front. The propagation of 
light in a medium in a particular direction 
means the propagation of the wave-front. The 
direction in ivhich the wave travels is at right 
angles to the wave- front and a ray of light re- 
presents this direction. Spherical waves are 
represented by concentric circles. As the wave 
travels outwards, its curvature diminishes, 
and at a very great distance from the source the 
surface of the ivave becomes a sphere of very large 
radius, so that a limited portion of the wave-front 
may he considered to become plane. This is evi- 
dently the case of waves constituting a parallel 
beam, as in the case of light coming from the sun. 

Huygens* Principle — Suppose P [Fig. 127(a)] is a luminous source. 
The disturbance in ether produced at P will spread out uniformly in 
all directions with the same velocity provided the medium around is 
isotropic, so that the wave-front at any instant will be on a sphere 
drawn with P as centre and radius equal to the product of time and 
velocity of propagation. After an interval, let the disturbance lie 
on the surface of a sphere whose trace is AB, on which every point is 


P 



Fig. 127(a) 
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in the same state of disturbance, i.e. AB is the wave-front. At any 
later instant of time similarly let the disturbance lie on the trace 
AxBx, Evidently light has travelled from AB to A^B^ in the interim 
period. Huygens considers the mechanism of such, propagation as 
follows. Each ether particle in the wave-front AB becomes a new 
centre of disturbance from which spherical waves, called secondary 
wavelets, are spread out from each particle as centre with the 
same velocity as in the case of the wave travelling from P to 
AB, provided, of course, the medium remains the same. The envelope 
of these secondary wavelets, i,e, the spherical surface, whose trace is 
A±B±, which touches all these spheres, is the new wave-front at the 
end of the period envisaged. The wave travels outwards from 
to succeeding fronts as it did from AB to A^Bi. Evidently the wave- 
front at any point moves in the direction of the normal to the wave- 
front at that point. 

116. Reflection and Wave Theory. — According to Huygens* 
method of. construction the laws of refleotfon are deduced below by 
taking the case of reflection of a plane wave-front at a plane surface. 


Let XY be the trace of a reflecting surface and AF he a plane wave 

travelling fn the direction 
CA and incident obliquely 
on XY (Fig. 128). As 
each point of AF reaches 
XY in succession, it be- 
comes a ' entre of distur- 
bance from which spheri-®* 
cal waves start. In the 
time i taken by F to reach 
F the wave from A will 
travel through the dis- 
tance AB in the same 
medium (= Vt, where V is the velocity of propagation of the original 
wave-front). Now with centre A and radius AB ("Fi) describe a 
sphere. From E draw a plane EB tangential to the sphere and at right 
angles to the plane of the paper. Then EB is the reflected wave- 
front travelling in the direction AB. 



Fig. 128 — Reflection on Wave Theory 


Now in the triangles AEB and EFA, AB^ AE= Vt,AEi^ common ; 
and Z_ Zl =90** : the two triangles are equal in all 

respects. 

Hence L AEB LEAF ... ... ... (1) 


Here GA, which is perpendicular to the incident wave- front and 
which is the direction of the incident wave, represents an incident , 
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ray at the point of incidence A, and AB, the direction in which the 
reflected plane wave travels, represents a reflected ray. 


To prove that the angle of incidence is equal to the angle of reflec- 
•^tion, draw AN perpendicular to XY at A. Because AN is perpendi- 
cular to the plane AF and AB is perpendicular to the plane EB, we 
have, 

LAEB^LNAB\ and because AN and C-4 are perpendicular to 
AE and il-P respectively, LEAF- LNAC, 

/. From (1). LNAC^ LAEB^ LNAB, 


Thus the angle of incidence is equal to the angle of reflection. 

Again, the incident ray GA and the reflected ray AB lie in the 
same plane as the normal AN, Thus both the laws of reflection are 
deduced' from the wave theory. 

■ 

117. Refraction and Wave Theory. — Let XY be the trace 
of a plane surface separating two media, say, air and an optically 


denser medium, say, glass jFig. 
129), and AB be a plane wave 
travelling in thetfirst medium 
in the direction FA with 
velocity V. When the wave- 
front AB meets the refracting 
surface XY obliquely at A, 
the ether particle at A is 
disturbed and, according to 
Huygens, it becomes a new 
centre of disturbance from 
which the generated wavelets 
spread out into tlie second 
^ medium witli a velocity V\ say. 



Fi^. 129 — Refraction on Wave Theory 


In the time i, say, taken by B to reach C, let AD be the distance 
the wavelet from A travels in the second medium. Now with centre 
A and radius AD ( = V^t) describe a sphere. From C draw a plane 
tangential to the sphere and at riglit angles to the plane of the paper. 
Then CD represents the refracted wave-front and it travels in the 
direction AG, Thus A(r, which is perpendicular to the wave-front 
CD, represents the refracted ray, and similarly EA, which is the 
direction of the wave in air, represents the incident ray. 

Now because EA is perpendicular to the plane AB and NA^ 
is perpendicular to ^C. /. LEAN » LBAC and similarly LDAN' 
^ ^LACD, 
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(*.* an' and AD are perpendicular to AC and DC respectively) 

If the Ls BAN and DAN' are denoted by e and r respectively, 
we have, 

sin i ^ sin EAN _ BAC ^ -41? 

sin r sin D4JV' sin 4 CD AC AC 


BG 

AD 


Fi _ Vojocity in air _ _ 

V't Velocity in the second medium 


a constant. 


Thus the sine of the anqle of incide^ice hears a constant ratio to the 
sine of the angle of refraction^ and this verifies the second law of 

refraction. We know that this constant is called the refractive index 
of the second medium with respect to the first. 


The incident ray EA, the refracted ray 4D, and the normals -4IV 
and AN* at A all lie in the plane of the paper and so they are in the 
same plane ; this proves the first law of refraction. 


Triumph of the Wave Theory over the Corpuscular Theory — 

By the wave theory of light the refractive index of ai medium 
(h) with respect to another medium (a) is equal to the ratio of the 
velocity of light in the medium (a) to that in the medium (?>). 


Thus, ” 

a b 


Va 

Vb' 


Since a ray of light is bent towards the normal when it enters 


an optically denser medium, i.e. a b'^l, it follows from the waveJi^ 
theory of light that the velocity of light is less in a denser medium 
than that in a rarer one. and this fact has been verified by 
actual experiment. This is a groat truimph of the Wave Theory over 
the Corpuscular Theory according to which the velocity in the denser 
medium should be greater. 


As an example, air ^ water 


velocity of l ight in air 

velocity of light in water 


133. 


So, velocity of light in water 


velocity of light in air_^ Q'99 x 10^^ 

1'33 " 1‘33 

* 2’55 '< 10^*^ cms./sec. 


Besides giving satisfactory explanation of reflection and refraction 
of light, the Wave Theory explains also the phenomenon of inter- 
ference of light which takes place as a result of disturbance of any 
part of a medium by two different sources almost at the same time, and’ 
which was unaccountable from the standpoint of the Corpuscular' 
Theory. 
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Remember 

(i) Light travels 186,000 miles per second, or 

(ii) Light travels 300,000,000 metres per second. 

•* (iii) Light takes 8 minutes to travel from the sun to the earth, and- 
(iv) Light takes ^ of a second to travel round the earth’s equator. 


Arts. 113 & 114. 


Questions 


1. Describe a method of measuring the velocity of light. 

(Utkal 1948 ; Del.U. 1940, 43 ; Dac. 1934, *40 ; All. 1922, 24, ’45> 

2. Describe Romor’s method of determining the velocity of light. What 
is its value ? What is the velocity of light in vaccum '? 

{See Art, 117) (C. U. 1932, ‘36, 39, ‘44 ; Pat. ’32) 

V"el. of light in vacuum __ 

„ „ .. air 


[Hints. 


^air= 1*0029 J 


3. Describe an apparatus which can be fitted up in a laboratory for deter- 
'uiining the velocity of ligliS Does the velocity of light depeuid upon the 
nature of the medium ? Do you know of any optical property of a medium 
to which the velocity of light can be related ? (Pat. 1934) 

[Hints. The refracti^^ index of a medium is related to the velocity of light 
in that medium (see Art. 117)] 


4. Describe Fizeau’s method of determining the velocity of light. Explain^ 
the principle and give a diagram of the apparatus. (Pat. 1920) 

Art. 115. 


• 5. Give reasons for the statement that light travels in straight lines with- 

a finite velocity. 

Arts, 116 & 117. 


6. Show how the law's of reflection and refraction of a parallel pencil of 
light at a plane surface may be deduced from the w^ave theory. 

(C. L'. 1934. ’37 ; Dac. 1941) 

7. hjxpLain how the refraction of light is accounted for on the wave 
theory and point out the physical significance of the refractiA c index of light. 

(C. U. 1945) 

8. Prove that at a plane surface of separation between two media 

— where and are the velocities of light in the two media 

and i and r are the angles of incidence and refraction respectively. (Dac. 1942) 

9. Refractive index of water is 1*33. The velocity of light in vacuum i& 

3 X 10^ km. per sec. Find the velocity of light in water. (Dac. 1941)v 

[Ans. 2*26 x 10* krn. per sec.] 
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MAGNETISM 

CHAPTER I 

Natural and Artificial Magnets 
Magnetic Induction 


1. Magnets.— 

A dark coloured ore, composed of iron and oxygen (FesO*), called 
Magnetite, first discovered in Magnesia in Asia Minor, was known 
from ancient times to possess the following two characteristic pro- 
perties. e , 

(i) Attractive property. — When dip;, ed into filings of iron, a 
lump of magnetite picks up some filings chiefly at the two ends. 

(ii) Directive property. — When suspended at th-a end of a fine 
thread so as to turn freely, it oscillates to-and fro and finally comes to 
stay with its two ends always directed along the north and the 
south approximately. 

This directive property was used by the ancient sailors to guide the 
course of the ship on the sea. Hence they called magnetite a lode- 
stone which means a leading stone. The word magnet, which means a 
body possessing attractive and directive properties, owes its name to 
the magnetite, which is the fore-runner of it. 

2. Artificial Magnets. — 

Natural magnets like the lode-stone are irregular in shape and have 
weak attractive or directive properties. This two properties can, 
however, he very strongly developed in some metals or alloys. Such 
an act of infusing the properties of a natural magnet in a new body is 
called magnetisation. Magnets so prepared, called artificial magnets, 
are found in the following types. 

(l) The Bar Magnet. — This is a rectangular or circular bar of 

uniform cross-section. Two such bar 
magnets placed side by side, with 
opposite polarities towards the same 
end, having two cross-pieces (called 
keepers) placed on the two ends, is 
Fig. 1— The Bar Magnet shown in Fig. 1. 
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(2) The Horse-shoe Magnet. — 
This is a bar magnet bent so as to re- 
semble a horse-shoe. The speciality is 
that the two ends have been brought 
cTos^e together (Fig. 2). 



Fig. 2 — The Horse -shoe Magnet 


(3) The Magnetic Needle — This is a short and thin strip of 
magnetised steel (or suitable alloy) having two 
pointed ends. This is balanced horiisontally in 
the middle on a point about which it can freely 
turn (Pig. 3). 

(4) Ball-ended Magnet. — It is a modified 
form of a bar magnet of circular cross-section 
ending in two balls [Fig. 3 (a)]. Its speciality is 
that the two polarities are localised at the 
centres of the two balls. 



Fig. 3 — The Magnetic 
Needle 

N. B. Besides the above well- 
known forms, magnets are also found 
to be of other shapes as'' well, e.g. ring 
magnets, etc. Sometimes specially 
shaped pole-pieces are fitted on the two 
ends to produce desired fields in a 
confined space. 

3. Some Definitions : — 

Pole. If a magnet be dipped into iron filings, the latter is 

found to adhere chiefly at two regions near the two ends. Tljese 
regions, where the attraction appears to be strongest, are generaU 
ly termed its poles. The cluster of iron filings picked up by a magnet, 
however, shows that the "pole" property really extends over quite a 
large region at each end. Each part of this region experiences an 
attraction or repulsion, as the case may be, when another magnec is 
brought near ; and the line of action of the resultant of all these 
individual forces always passes through one point So for all practical 
purposes we regard each pole as being concentrated cLt n point some- 
where near, but not exactly at, the end of the magnet, just.as weregpd 
the '^^SB of a body as being concentrated at its centre of gravity. 
Thea o points are referred to as the poles of the magnet. 

If Me magnet be suspended by a thread so as to be free to turn in a 
horizontal plane, one end of it always points towards the geographical 
north, and the other towards the south. The pole which points 



Fig. 3 hi) — 

Tho Hiill-onded Magnet 
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towards the north is called the north-seeking pole or north pole, 
and the pole which points towards the south is called the south- 
seeking pole or south pole. 

Magnetic Axis. — The straight line that joins the two poles of a 
magnet is called its magnetic axis. 

Neutral Region. — On examining the cluster of iron filings picked 
up by a magnet, it is found that the maximum quantity of filings 
sticks at the ends and there is a rapid decrease towards the central 
part where there are practically no filings. This shows that a magnet 
has no attracting power at the middle. At this part if a belt be 
imagined round the magnet normal to the magnetic axis, it will have 
no attracting power and so it is known as the neutral region. 

Effective Length of Magnet. — It is the distance between the 
poles of a magnet along the magnetic axis (see Art. 18). It is 
also called the equivalent length, magnetic length, or simply the 
length of the magnet. In a good magnet, the effective length is 
about 85% of the geometric length of the magnet. 

Magnetic Meridian. — It is the imaginary vertical plane passing 
through the magnetic axis of a freely suspended magnetic needle placed 
at a place, i.e. it is the vertical plane containing the direction of 
the magnetic field at a place. 

Geographical Meridian at a place is an imaginary vertical 
plane passing through the given place and the geographical axis of 
the earth, i.e. it is the vertical plane, imagined at the given place, 
containing the geographical north and south poles. 

3(a). Laws of Magnetic Attraction 
and Repulsion. — If the north pole of a bar 
magnet be presented before the north pole 
of a magnetic needle, repulsion takes place, 
but, if presented before the south pole of 
the magnetic needle, there will be attrac- 
tion [Fig. 3 (b)]. The result is stated as : — 

Like poles repel and unlike poles 
attract. 

3(b). The Earth as a Magnet. — A magnetic needle, or a har 
magnet suspended horizontally at its centre of gravity, invariably 
sets in a particular direction, with its magnetic axis pointing approxi- 
mately north and south of the earth. Such behaviour of the needle 
indicates the existence of a terrestrial magnetic field. From such 
observations and other considerations, the earth is regarded as a huge 
:magnet having its s^outh magnetic pole som&where near the north 



Fig. 3(b) 
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geographical pole and north pole near the south geographical pole. 
As the result of interactiou between the earth as a magnet and any 
other magnet which is free to move, the latter always tends to set itself 
jparallel to the magnetic axis of the earth. For uniformity of 
nomenclature, the true south magnetic pole of the earth is conven- 
tionally called its magnetic N-pole and the true north magnetic 
pole is called its magnetic S-pole. Thus the geographical N-pole and 
the magnetic N-pole of the earth, according to this nomenclature, 
are near each other. Accordingly the magnetic N-pole is near the 
geographical N-pole. For further studies on terrestrial magnetism 
refer to chapter IV. 


4 Methods of Magnetisation. — (1) Magnetisation by Bar 
Magnets {Mechanical method ). — 

(i) Method of Single Touch. — The specimen AB to.be magnetised 

is placed on the table and one end of a 
bar magnet NS is placed on an end 
A (Fig. 4.) of the piece and then drawn 
to the other end B, keeping the magnet 
in the inclined position as shown in the 
figure. The magnet is then lifted and 
the process is repeated several times, 
always beginning from the end A and 
ending in B. AB will then be magnetised 
having polarity at B opposite to that 
4— Method of Single Touch of the striking pole. 



(ii) Method of Divided Touch — 

placed on the table (Fig. 5). The 
opposite poles of two bar magnets 
arc placed together at the middle 
’*of the specimen and drawn 
towards the opposite ends 
keeping the magnets inclined, as in 
the last experiment. The operation 


The specimen to be magnetised is 



is repeated several times always 

beginning at the middle. The bar ^ Method of Divided Touch 


is then turned over, and the other 


side is also magnetised in the same way. Polarities developed on the 
ends of the piece are of opposite nature to that of the stroking pole. 


The magnet produced becomes stronger if the two ends of the 
specimen be supported on the two poles of two other magnets, the poles 
' of each being the same as that of the stroking magnet over it. 
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(iii) Method of Double Touch. — This method is almost the* 

same as the method of divided 
touch, only a piece of wood or cork 
is placed between the opposite 
poles of the rubbing magnet 
(Fig. 6). The magnets are then 

moved together from the middle to- 

IE -SLT lH- -SJ one end of the specimen, then 

back to the other end and finished 
Fig. 6-Method of Double Touch middle. This is repeated 

several times. 

The polarities developed on the ends of the piece are of opposite 
nature to that of the nearer stroking pole. For strong magnetisation, the 
specimen is mounted on two bar magnets as suggested under 
'divided touch’c 

(2) Magnetisation by Electric Current.— The rod to l^e mag- 
netised is placed within a thin-walled glass tubing or a card-board 

cylinder having a spiral of insulated 
copper wire wrapped round it (Fig. 7). 
The rod will be 'magnetised if a 
strong current is passed through the* 
coil. The end where the current fiowe 
in a counter -clock- wise direction^ 
Fig. 7 — Magnetisation l)y when looked at from that end^ will be 

Electric Current ^ north pole, and the other end a 

south pole (Fig. 8). If the rod be 
of steel, then the magnetisation deve- 
loped in it will be permanent ; if it 
be of soft iron, it will be a strong 
magnet as long as the current is 
® passing, but will almost completely 

lose its magnetism as soon as the current is stopped. This is known 
as the electro- magnetic method (see Art. 16, Part VII). 

Strength of the polarities developed will depend on the quality 
(permeability) of the specimen, the number of turns per unit length of 
the coil, and the strength of the current (Ampere-turns). 

(3) Magnetisation by Earth’s Induction. — A soft iron rod can be 
magnetised by the earth's magnetism, if it is placed for a few days 
parallel to the direction of the magnetic meridian, the end pointing 
towards the north acquiring north polarity. The magnetisation acquired 
will, however, be very feeble. The method may be hastened by striking 
the rod with a wooden hammer from time to time. 
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Again, the bar may be magnetised, if it is kept in a vertical position. 
In the northern hemisphere it will be found to be magnetised such 
that the top end will be the south and the bottom end the north pole. 
This is due to the inductive action of the earth which is regarded as a 
Cuge magnet with its south magnetic polo near the north geographical 
pole and the north magnetic pole near the south geographical pole 
(see Ch. IV). 

4(a). Consequent Poles. — Due to faulty or irregular process 
followed in magnetisation, a magnetic substance may acquire similar 
polarities at the ends and opposite polarities in the middle, or addi- 
tional free poles in the middle besides the polarities at the ends. 
Thus, if similar poles of two magnets are used as the stroking poles 
in the methods of divided or double touch, two opposite poles will be 
produced at the two ends and two similar poles will appear in the 
middle. If a very strong pole is made to touch the myidlo of a weak 
magnet, an oiiposite polarity will bo localised there. Such irregular 
polarities other than those at the two ends of a magnet are referred to 
as consequent poles. The^’*are, however, short-lived. 

5. Magnetic^ Saturation. — The degree of magnetisation deve- 
loped on a piece of substance depends on the magnetising force and 
the quality of the substance. But there is a limit to the magnetisation 
which can be acquired by a magnet, however much the magnetising 
force may be increased. The substance is called ma^pieticallij saturated 
when that limiting value of magnetisation is reached, 

* 6. Magnetic and Non-magnetic Substances. — All substances are 
acted on, more or less, when placed in a strong viagnetic field. In case 
of most of the substances, it should be noted that the effects can not 
be easily detected. A few substances like iron, nickel, cobalt, manganese 
and some alloys called ferromagnetics are, however, attracted even by 
/a weak magnet. Those substances are used for preparing permanent 
magnets. Though magnetism is a univei’sal property of all substances, 
particularly the ferromagnetics are commonly ceWed magnetic substances 
because of their very pronounced magnetic properties. All other 
substances besides the ferromagnetics are ordinarily classed as non- 
magnetics. The subject of magnetic qualities of substances has been 
dealt with in more details in Art. 17(a). 

7. A Permanent Magnet and a Magnetic Substance. —A mag- 
netic substance is one which is attracted by magnets and is capable 
of being converted into a magnet. Nickel and cobalt, which are also 
magnetic substances besides iron, resemble iron in their magnetic 
^behaviour, but to a much less degree* 

13 (II) 
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Many alloys, such as tungsten-steely st alloy, Cobalt-chrom-steely 
permalloy, Gohalt-steely ' mumeteXy AlnicOy efcc., have been prepared in 
recent years, which possess the qualities of a magnetic substance to a 
far greater degree than in case of Iron, Nickel, etc. „ 

A magnetic substance, which has been magnetised and has got 
a permanent polarity at each end of it, is known as a permanent 
magnet. 

Difference between a Magnet and a Magnetic Substance. — 

(i) A freely suspended magnet always points towards north and 
south, but a magnetic substance, when similarly treated, point in any 
direction ; that is, a permanent magnet has definite poles, whereas a 
magnetic substance has no poles of its own. A magnetic substance 
can have only induced polarity. 

(n) A magnet attracts magnetic substances, but a magnetic 
substance has got no such property. 

* • 

{iii) If a pole of a magnet be presented before the poles of 
another suspended magnet there will be attraction in one case and 
repulsion in another. A magnetic substance, when presented before 
the suspended magnet, will attract both the poles. 

7 (a). How to distinguish between a Magnet, a Magnetic subs- 
tance, and a Non-magnetic substance. — 

(z) When an auxiliary magnet is supplied, one end of it is touched 
to both ends of each of the three specimens successively. The one for 
which there is attraction at one end and repulsion at the other is the 
magnet. The other for which there is attraction at both ends is the 
magnetic substance. The third which is unaffected when the magnet 
is presented to it is non-magnetic. 

(zz) When no auxiliary magnet is supplied, but a thread is avail- ^ 
able by which the specimens can bo freely suspended at the centre 
one after another, it is easy to identify the magnet ; for amongst the 
three only the one which is the magnet will always set itself in a 
particular direction (magnetic meridian) when so suspended. The other 
two will point to any direction in which they are suspended. 
Knowing the magnet in this way, it is then used to distinguish between 
the other two,^ as in(z). 

(zzz) When no auxiliary magnet or suspending thread is available, 
i,e, when no external helping agent is to be used, one of the specimens 
is taken and one eiid of it is successively presented to the middle point 
of the other two. The experiment is repeated, taking the other speci- 
mens one after another. There will be one case only in which there v 
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will be atitractioQ and in other cases there will be no attraction. In the 
case of attraction, the specimen whose end was presented is the magnet 
and whose middle part was touched at is the magnetic substance. The * 
^ third specimen is non-magnetic. This is because the pole of a magnet 
can attract any region of a magnetic substance only, whereas at the 
middle part of a magnet which is a neutral region there is no 
attraction. 

8. Magnetic Induction. — A rod of soft iron will ordinarily have 
no action on iron filings placed in contact with it, but if a magnet 
be made to touch, or brought near one end of the soft iron rod, the 
filings will cling to the other end of the rod. On removing the magnet 
the filings will immediately fall off, showing that the soft iron rod was 
only temporarily magnetised by the influence of the magnet. 

Such phenomenon in which temporary magnetism* is developed on 
a magnetic substance by the influence of another magnet^ with or without 
' actual contact^ is known a% magDetic induction. 


In the above experiment the soft iron rod was magnetised by the 
inductive influence of the magnet, and the iron filings adhered to the 
soft-iron rod due to Induced magnetism acquired by it. 

The magnet under whose influence magnetism is developed in the 
•soft iron bar is called the inducing magnet. 


^ Nature of Induced Polarities. — A 

and one end of a soft -iron bar 
(Fig. 9) kept on a suitable stand P 
is placed near the north pole of the 
needle so as to be in the same 
horizontal plane with it. The pole 
is attracted to the bar. If now the 
north pole of a bar magnet (which 
does not affect the needle directly 
from that distance) be brought near 



the other end of the bar, the needle is repelled. So, by induction a 


.^-pole must have been produced at the end of the soft-iron bar near 
the needle and a S-pole at the other end. This shows that by induc- 
tion opposite polarity is created at the end near the 4nducing pole 
and a similar polarity at the farther end of a magnetic substance. 


Thus the soft-iron bar is converted into a temporary magnet whose 
magnetism will last as long as it is before the permanent magnet but 
the bar will lose its magnetism as soon as the permanent magnet is 
removed. 
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Features of Induced Magnetism. — (a) If several small soft iron 
nails are taken and one of them is brought in contact with one of 
the poles of a bar magnet, it will bo supported 
there. Another nail also can be ^supported frora^' 
the free end of the first nail which will become a 
temporary magnet. In this way a chain can be 
formed by supporting one nail below another 
(Fig. 10). The number of nails supported will 
depend upon the strength of the inducing magnet. 
On removing the bar magnet from the first nail, 
the chain is broken and the nails fall down. 
This experiment demonstrates that magnetism can 
he induced in an iron nail by a magnet in contact 
with it and that the inductive influence can he carried tliraugh a number 
of nails each of •which is turned into a temporary magnet. 


Fi«. 10 


(b) In the above experiment, suppose* inducing pole of Cho bar 
magnet is the north pole. IF the north pole ^ of a similar second bar 
magnet be placed over the north pole of the first magnet, the strength 
is increased and more nails can be supported. If the ffouth pole of the 
second magnet be placed over the north pole of the first magnet, the 
nails fall off. When the two inducing polos are dissimilar and are of 
equal strength, not a single nail can be supported. The above shows 
that induced magnetism can he strengthened and weakened by similar or 
opposite poles. 

9. Magnetisation through Induction. — If a steel rod be placed 
near the polo of a strong magnet for a considerable period of time, it 
acquires a magnetisation. This is due to the induc- 
tive action of the magnet. Tf long bars of iron or other magnetic 
substances be kept along the magnetic meridian, or fixed uj) vertically, , 
(and preferably hammered periodically), it is found after a long time 
that they get magnetised, though feebly. Here the magnetisation is 
due to the inductive action of the earth as a niagnet. For the same 
reasons, the body of a ship acquires some magnetisation during 
construction. 


9(a). Indqction Precedes Attraction. — It can now be explained 
why both the poles of a magnet attract an iron rod. When one end of 
the rod is brought near the pole of a magnet, the rod no longer 
remains unmagnetised, but is turned into a temporary magnet by 
induction, opposite polarity being induced at the near end. These 
opposite poles attract each other. Thus induction always precedes 
attraction between a magnet and an unmagnetised body. 
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9 (b). Repulsion is a Surer Test of Magnetisation. — To test 

whether a given specimen is magnetised or not, it is suspended at its 
middle from the end of a string, and one pole of a bar magnet is pre- 
^sented to one end of the specimen. If attraction occurs, the speoi- * 
men may be an unmagnetised magnetic substance or, in the alterna- 
tive, it may bo a magnet having at the end under test a polo 
which is dissimilar to the testing pole. So, without further 
tests no definite conclusion can be drawn this way or that way. 
If, however, there is repulsion, the tested end of the specimen must 
possess a similar polarity, which means that the specimen is magne- 
tised. So repulsion is a surer test of magnetisation. That is why in 
testing whether a specimen is magnetised or not, a pole of the bar mag- 
net is presented to one end of the specimen and it is looked out 
whether attraction or repulsion results. If attraction occurs, the other 
polo of the magnet is to bo presented to see if repulsion now takes 
place or not. If there is repulsion, the specimen is a’tnagnet ; other- 
wise it is a magnetic substance. 

10. Reversal of Polffrity. — If one pole of a powerful magnet be 
gradually approached near the similar pole of a weaker magnet, the 
two will repel eftch other, but, when it is quickly brought very near to 
the weaker pole, ropiilsion occurs instead of attraction. 

This is due to the strong inductive action of the powerful magnet. 
For example, when the jV-pole of a strong magnet is suddenly 
brought very close to the n-polo of a pivoted needle, which is a weaker 
magnet, a strong .s-pole is induced at that end. As a consequence of 
• superposition of this induced polarity, a .s-pole may be built up at that 
end wholly neutralising the existing /i polo. This inductive develop- 
ment of an opposite polarity at the near end (and a similar polarity 
accompanying at the remoter end of the needle) explains why attrac- 
tion should occur whore ordinarily repulsion is due. 

For a short visit of the inducing pole this pole-reversing effect is 
temporary, but nevertheless injurious to the needle. That is why a 
magnet is always to bo presented very slowly to a magnetic needle so 
that the near pole of the needle, if facing a similar polo of the visiting 
magnet, may have sufficient time to move away. The pole of a strong 
magnet should not, consistent with the above reasons, be presented to 
the similar pole of a permanent magnet, for thereby injury is made to 
the permanent magnetism of the latter through inductive influence. 

10 (a). Degree of Induced Magnetism. — The strength of induced 
magnetism in a substance depends upon (a) the strength of the 
inducing pole, (h) the distance between the inducing pole and the 
specimen, (c) the quality of the specimen, and {d) the nature of the 
intervening medium. 
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11. Destruction of Magnetism. — The magnetism of a magnet 
may be weakened or destroyed in the following ways : — 

{ij) By rotogh handling, — A considerable portion of magnetism of 
a magnet may be lost by hammering or other rough usftges. 

(a) By heating, — A magnet can be made to lose its magnetism 
completely by heating it beyond a temperature characteristic of the 
substance. 

(Hi) By the earth's induction, — If a magnet be placed parallel to 
the magnetic meridian with its south pole pointing to the north, its 
polarity will be weakened by the inductive action of the earth. The 
north magnetic pole of the earth is similar to the south pole of a 
magnet, so it induces north polarity in the near end of the magnet 
facing it, and thus weakens the strength of its south pole. 

(iv) By thi inductive action of another magnet, — If a magnet be 
placed by the side of another magnet with similar poles adjacent to 
each other, each pole will induce opposite, polarity in the other, and 
thus tend to weaken its strength. Every magnet has a tendency to 
demagnetise itself hy the indxictive action of its two^ poles upon the 
magnetised steel which lies between the poles. To avoid this, and 
also to avoid the demagnetising effect of the two adjacent poles upon 
one another, a piece of soft iron is usually placed across the poles of 'a 
horse-shoe magnet (see Fig. 2} ; and bar magnets are kept in pairs with 
opposite poles side by side having a soft iron piece placed across the 
poles at each end when the magnets are not in use (see Fig. l). By i 
this method the tendency of one pole acting inductively on the other, 
or on the steel itself, is prevented, as the eft'ect of each pole of the 
magnet is neutralised by the opposite polarity induced in the soft iron 
piece. Such soft-iron pieces are called keepers, because they keep the 
magnetism of the magnets intact by reducing the tendency of the 
magnets to demagnetise themselves. 

Questions 

Art. 3. 


1. Describe an experiment which will show that a piece of iron attracts 
a magnet just as truly as the magnet attracts the iron. (C. U. 1920). 

[Hinta.-A rod of soft iron is suspended and one of the poles of a magnet 
is brought near it. The iron moves towards the magnet, If, on the other 
hand, the magnet is suspended and the iron is brought near the magnet, the 
magnet moves towards the irofn rod. Hence, both iron and magnet attract 
each other mutually] . 
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Art. 4. 

2. Describe the various ways of magnetising a soft iron. 

(Dac. 1932, ’43 ; 0. U. 1911, ‘13, ‘16. ’17, ’29 ; Pat. 1922, ’23) 

3. ^ Enumerate the various methods of obtaining a magnetising held for 
making artificial magnets. (Pat 1932 ; Dac. 1932 : c/. C.U. ’42 ; cf. Utkal 1947) 

Explain how a north pole may be obtained at a definite end of a steel bar. 

(C. U. 1942) 

4. Describe a good method of magnetising a piece of iron rod. In what 
respect does an electromagnet differ from an ordinary magnet ? (Pat. 1940) 

(See also Art. Part. VII) 

Explain “Consequent poles’. (Pat. 1946) 

Arts. 7 & 8. 

5. What is magnetic induction ? How would you distinguish between a 
permanent magnet and a magnetic substance ? 

(C. U. 1913 ; ’44 ; Pat. '86 ; Utkal 1947) 

6. Distinguish between a permanent and a temporary magnet. (C.U. 1918) 

7. Describe suitable expei/ments illustrating the phenomena of magnetic 

induction. (C. U. 1920 ; All. 1924 ; Dac. 1928) 

7(a). You are given two exactly alike steel bars, and told that one only is 
a magnet. How would you find out with them which of the two bars is the 
magnet ? (Cal. 1947) 

8. How would you determine whether a given steel rod is a magnet 

or not ? (C. U. 1915) 

Art. 9. 

• 9. ‘Ilepulsion is a surer test of magnetic condition of a body than attrac- 
tion.’ Explain this. (C. U. 1925) 


CHAPTER II 

Molecular Theory of Magnetism 

12. Isolation of a Single Pole is absurd. — When a bar magnet is 
broken into two parts, each part 
becomes a complete magnet having 
a north pole at one end and a south 
pole at the other. If the pieces are 
again broken up still further, each 
piece becomes a complete magnet 
again (Fig. 11). In practioe it is 
impossible to produce a single 
pole, i.e, a completely isolated pole. 

Even in a moleoular magnet two poles will always occur In pair. 
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Fig. 11. — Breaking a Magnet 
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that is, they are inseparable^ or, in other words, it is not possible to 
have a single or isolated magnetic pole. 

12 (a). Molecular Theory of Magnetism. — Th^ inseparahility of 
the poles of a magnet led to a theory of magnetism, due to Weber, 
a German scientist, which has been afterwards developed hy Ewing. 
The theory is called the Molecular Theory of Magnetism, According to 
this theory every molecule of a magnetic substance, whether magne- 
tised or not, is itself a complete magnet. In an unmagnetised 
specimen the molecules are arranged either haphazardly [Fig. 12(a)], 
or in closed groups or chains [Fig. 13(a)l, causing no resultant magne- 
tic effect, the opposite poles neutralising each other throughout the 
piece. When a magnet is brought near the specimen, the molecules 
are swung around by the external magnetic force, and, due to the 

' h) 

m:3 ^ *3 ^ ^ ^ *3 •:? *3 

Fig. 12 

process of magnetisation, these molecular magnets arrange themselves 
in definite lines, as shown in Fig. 12(6). When all the little magnets 
are in line, the magnetisation is complete and the substance is then 
said to be magnetically saturated. 

On account of the linear alignment of the molecules due to magne- 
tisation, the magnetic 
effects are neutralised 
everywhere excepting 
at the free ends, one 
of which becomes 
North pole and the 
other a South polo ; 
that is, a line magnet 
is formed. A bar magnet may be looked upon as a number of such 
line magnets lying side by side having similar polos turned to each end. 
If that is the picture, the polarities should be on the faces of the 
ends of the magnet. But it is common knowledge that the attractive 
action exists also well away from the ends. This is well explained if 
the line magnets are supposed to he more and more curved towards the 
ends (Fig. 13). The curvature may bo attributed to the mutual repul- 
sion of these line magnets at each end, where there are contributory 
similar polarities. 
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According to Ewing, the molecules of the substance are grouped 
together in ''closed chains'* |Pig. 13(a)]. Such 
an arrangement of molecular magnets is 
stable. The process of magnetisation consists 
in breaking up these chains and arranging 
them in a linear alignment. 

It has been found that soft iron is more 
readily magnetised than steel hut it loses its 
magnetism more readily than steel. Ewing’s 

This is explained by the fact that the hindmq Cham Theory 

forces of closed chains of the molecules are weaker in soft iron than in 
steely and therefore it is more difficult to rotate the molecular magnets 
in a definite direction in steel than those in soft iron, but after they 
are once rotated it is more diflicult to rotate them back again, i.e. to 
demagnetise. 

12 (b). Support of Molecular Theory of Magnetism — Weber- 

Ewing Theory of raolecufar magnetism has found a strong support 
in the fact that many of the ordinary magnetic phenomena could be 
successfully explained in the light of this theory. 

(i) Induction.—^ When a particular pole of a magnet is presented 
to one end of a magnetic substance, Weber elements (the molecular 
magnots) are acted on according to the ordinary laws of attraction 
and repulsion. Tliey, however, can not leave their places owing to 
the high rigidity of the substance bat can turn about their positions 

* of equilibrium just as pivoted needles can. So the dissimilar poles 
of the Weber elements will tend to point towards the inducing pole 
overcoming their mutual actions. Thus the ond of the substance 
facing the inducing pole will contain an excess of free dissimilar 
poles resulting in a polarity of the opposite kind. Consistently, a 
stronger inducing pole will rotate a larger number of Weber elements 
into linear alignments and will cause a stronger magnetism to be 
induced. When the inducing pole is withdrawn, the Weber elements, 
if they can easily turn as in the case of soft iron, will turn back into 
their normal positions under mutual actions. 

(ii) Magnetisation by Rubbing. — Rotation of the Weber elements 
due to an external inducing polo is necessarily very small and so the 
induced magnetism is feeble. When a magnetic substance is rubbed 
along its body with a strong magnet, the Weber elements are under 
the strongest action because of the closest vicinity of the inducing 
pole, and so the rotation of the elements is more complete than under 
ordinary induction. So “rubbing’* is considered to bo a more quick 
ftnd effective method of magnetic induction. 
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(iii) Laminated Magnets. — When a specimen is a thick bar^ 
magnetisation even by rubbing is also not satisfactory, for the Weber 
elements well within the body are not appreciably acted on by the 
rubbing pole. So, in practice, thin bars called lamination are separately 
magnetised first and are then placed upon each other having similar 
poles at the same end. The laminated magnets are then rivetted 
together at the ends. A more uniform magnetisation throughout the 
body of the magnet is in this way ensured than in the case of a thick 
single magnet. A thick magnet so made is called a laminated or' 
cmnpound marjnet. 

(iv) Magnetic Saturation. — 'Magnetic Saturation’ is reached 
when no further magnetisation can be induced in a specimen. This 
can be readily explained by the molecular theory ; for, as the inducing, 
action is increased, more and more of the Weber elements will be 
orientated in the direction of magnetisation. When finally all the 
elements have turned into linear alignments, the amount of free 
polarity at either end is maximum and no further magnetism can be 
produced by increasing the magnetising fSrce after that limiting 
state is reached. 

(v) Equality of Poles of a Magnet. — In the act of magnetisation, 
according to the molecular theory, the Weber elements set themselves< 
in lines along the direction of magnetisation. On either side of the- 
neutral region there should thus bo equal numbers of free poles of 
the opposite kind. That is, the two poles of a magnet should be 
of equal strength. 

(iv) Demagnetisation at Curie Point. — If a magnet is gradually 
heated, a temperature is finally reached when its magnetism is wholly 
lost. This temperature, which is different for different specimens,, 
is known as the Curie point or the temperature of recalescence. Curie- 
point for iron is nearly 750''C. 

With increase of temperature the molecular agitation increases* 
and at the curie point the acquired freedom of rotation probably 
enables the Weber elements to return to their normal configurations 
forming closed chains again. 

(vii) Demagnetisation by Rough Treatment. — A magnet may 
suffer considerable loss of magnetism duo to rough treatments like' 
rough handling, hammering, etc. 

These mechanical processes partially destroy the linear arrange- 
ments formed due to magnetisation. 

(viii) Heat produced by rapid Magnetisation and Denuigne- 
tisation. — When a substance is subjected to a rapid process of alter-^ 
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nate magnetisation and demagnetisation, considerable heat is generated 
in it. This is what it should be, for the Weber elements are thereby 
alternately brought into lines and flung back into closed chains at a 
rapid rate. This is equivalent to a vibratory motion of the elements. 
This vibratory motion is the cause of generation of heat in a body 
according to the theory of heat. 


13. Magnetisation of Rings and Discs. — An iron ring may be 
magnetised in two ways : — (a) By rubbing a bar magnet several times 
in the same direction along its circumference. 


In this way the molecules are 
forming closed chains having no free 
poles [Fig. 14(a)]. It can also be 
magnetised by winding a coil of wire 
round the whole length of the ring 
and passing an electric current 
through the wire. In this case also 
there is* no free polarity. Note that 
^no external magnetic eflecft is pro- 
duced. But, on cutting the ring at 
one place, north pole appears at one 
end and south pole at ‘the other [Fig. 14(b)J. 


arranged in a definite direction 



Fig. 14 — ]\ragnetisation of Bings 


(6) By placing the ring within the polo pieces of a strong horse- 
shoe magnet, or of an ordinary electromagnet, such that a diameter 
of it is parallel to the axis, two opposite poles are developed at the two 
ends of that particular diameter and the ring will then behave as an 
ordinary magnet. Each pole will induce opposite polarity where it 
touches the ring. 

Magnetic Shell. — A thin flat disc magnetised in such a way that 
its faces possess opposite polarity is known as a magnetic shell. For 
it, the length of the magnet is very small compared to other 
dimensions. 


Questions 

Art. 12. ' 

1. What is the reason for the assertion that a magnet cannot be produced 

which has only one pole ? (C. U. 1933) 

2. What do you find when a magent is successively broken into a number 

of pieces ? What conclusion does it lead to ? (Gf. Patb 1939) 

What do you expect in a bar of magnetic substance if the magnetising field, . 
by which it is magnetised, is gradually increased from a very low value to a 
^ high one. (Fat. 1932)- 
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3. Give an outline of the molecular theory of magnetism and show how 

it accounts for (i) magnetic saturation, (ii) difference between the behaviour 
of soft iron and hard steel when under magnetising influence. (Pat. 1931) 

3(a). Explain the molecular theory of magnetism and mention any 
experiment which in your opinion supports the theory. (Del. U. 194 Oj 

Art. 13. 

4. Two circular rings of iron are magnetised, the first by being placed 

between the poles of a strong lioise-shoe magnet so that line joining the poles 
of the magnet is a diameter of the ring, the second by having one polo of a bar 
magnet drawn round it several times. Describe the magnetic state of 
each ring. (Punjab. 1931) 


CHAPTER III 

Magnetic Field and Lines of forcer 

14. Magnetic Field . — Magnetic field is the space surrounding a 
magnet over which the influence of the magnet is exerted. 

Magnetic Lines of Force — If an isolated north pole be supposed 
to be situated at any point in a magnetic field duo to a magnet, it will 
experience a force of attraction by the south pole and a force of repul- 
sion by the north polo. It will also experience a force due to the 
earth as a magnet. These forces together produce a resultant force, 
and the isolated pole, if free, will move in the direction of the resultant 
force at that point. At every point of the field, the magnitude and 
direction of the resultant force depend on the position of the pole 
relative to the magnet and so the direction of motion of the pole - 
will change. By changing the position of the isolated north pole from 
point to point in the field, the path followed by it will be found to be 
a curve starting from the north and terminating at the south pole of 
the magnet. Such a curve which represents the path of motion of an 
isolated N-pole in a magnetic field is called a line of force. From 
each point on the jV-pole of the magnet one line of force starts and 
passing through the magnetic field ends on a corresponding point on 
the >S-pol 0 ; from the S-pole it travels through the body of the magnet 
and ultimately returns to the same point on the ^-pole from which 
it originated. That is, a line a force is a continuous closed curve. 
But it must be remembered that these lines of force do not really 
exist. They are imagined only and are a means of studying the nature > 
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of a magnetic field. So it may bo defined as follows : — “-4 line of. farce 
is a continuous curve dr axon in a xnaipietic field such that the tangent at 
anxj point on it shows the direction of the resultant force at that iwint^ 
positive direction of a line of force is the direction in which an 
isolated* free north pole will move. 

Properties of Lines of Force. — (i) They are closed curves. 

(ii) They always start from a jY-pole and end in a iS-pole and are 
continuous through the body of the magnet. 

(iii) They never intersect one another ; for, if they did it would 
mean that at the point of intersection the resultant magnetic force 
would act in two differenfdiroctions, which is impossible. 

(iv) They are like strechcd elastic threads and are in a state, 
of longitudinal tension, and mutually repel each Ojher sidewise. 

(v) They start from and end on a surface normally.* 


15. Maps of Magnetic Field. — It has been found that the 
direction of the magnetic iTiies of force can be traced by means of an 
isolated north pole, but as it is impossible to obtain a single pole the 
above method dliiiuot be practically obtained. The lines of force 
are therefore traced by means of a small compass needle which, placed 


at any point, will set itself with its 
the resultant magnetic force at that 

• It follows, therefore, that it is 
^f the lines of force at all 
points of a field by means of a 
compass needle instead of a 
single pole (which is impossible 
to obtain). Such a diagram is 
called a map of the magnetic 
'field. This idea is duo to 
Michid Faraday, the celebra- 
ted physicist of London 
(1791-1867). 


magnetic axis in the direction of 
point. 

possible to indicate the directions- 



(a) Methods of Plotting 

Magnetic Maps. — Two mo- Fig. 15 — Map of tho ]\rnj[?netio Field 

thods are adopted for mapping due to a single Har-magnet 

magnetic fields. 

(i) Iron filings method ; (ii) Compass needle method. 


(i) Iron Filings Method. — This method is suitable only for 
strong magnetic fields, and not for weak fields like the earth’s 
horizontal field. Iron filings are scattered on a glass plate which is 
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placed over a magnet. On gently tapping the glass plate, the iron 
filings will be arranged along certain lines due to the magnetic action 
of the magnet which takes place across the glass plate (Fig. 15). The 
setting of , the iron-filings gives the nature of the resulting magnetic 
field and is called the map of the magnetic-field produced. From one end 
‘ of the magnet to the other, the filings set themselves along definite lines 
which give the lines of force ; the tangent at any point of such a line 
represents the direction of the resultant magnetic force at the point. 

(ii) Compass-Needle Method. — When a compass needle (Fig. 

16j is placed near 
a bar magnet, the 
direction in which 
the needle rests is 
the direction of 
the resultant field 
due to the two 
sources, one due 
to the magnet, 
and the other due 
to the earth. 

Fig. 16 Fig. 17 — Compass-needle Method 

A bar magnet N S is placed on a sheet of paper (Fig. 17) fixed 
on a drawing board in such a way that it lies in the magnetic meridian. 
Its outline is then drawn by a pencil. A compass needle is placed 
in position A near one end N of the magnet, and two pencil marks 
are put on the paper exactly at the two ends S and N of the needle. 
The needle is then moved to the position B so that its first pole is 
placed on the second mark N, and another mark is put at the other 
end. In this way the needle is shifted from one position to the next 
till the other pole of the magnet is reached, as shown in Fig. 17. [The 
axis of the compass needle will really set along the tangent to a 
line of force and so the smaller the needle the more accurately 
will the line, drawn on the paper, coincide with the true path of a 
line of force]. This process is continued until the whole field is 
mapped out. It will be noticed that near the magnet the forces due 
to the earth are negligible in comparison with those due to the magnet, 
and so the lines are, in reality, due to the magnet only ; but, at 
more remote points, the earth’s field predominates, and we get the 
lines due to the earth, which are, however, slightly modified by the 
presence of the magnet. 

(b) Neutral Points. — Fig. 18 represents, for one side of the mag- 
net, the resultant field due to the earth and a bar-magnet placed in the 
magnetic meridian with its .N-pole pointing north. It will be seen that 
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the lines of force due to the magnet ^passing from N to S) and those 
due to the earth are in the same direc- 
tion at all points along the axis of the I /Mil ' 

^ magnet produced ; so on this line the I // 

resultant field is stronger, whereas these [ ^ III 

two fields are in opposite directions at i / J 

all points on a line drawn through the [ \ n // 

centre of the magnet at right angles ] j | }\jJ^ I T 

to its axis, where these two fields, i J J y 'y " f \ 

therefore, weaken each other. The stren- { \\ s 

gthofthe earth's field is uniform and L ^ \ \\ 

that of the magnet varies frorr^Q^^'^^ \ \ \ 

point being stronger earth’s ' \ \ \ I 

field near the magn/ ' ctmtlimllv 

becoming weaker ^the "mc^ease Fig. 18-Methocl of determi- 

of distance froir The maaLt HeSce posifions of Neutr^ 

«f . the magnet, nence Points clue to a Bar-magnet 

at some point, ^ 4 (pjg t^o the earth, 

uelds will be ei„^i Bpposite, the 

resultant being ^ point is called a neutral pomt. Notice 

^ that at the neutral point 

' ' t ^ t t ' t f T t resultant field F 

: j I due to the magnet 

1 I . / / / It exactly balances an 

\ ^ \ : I r J 1 1 equal and fori^^ 

k\\ f / / / '// A Horizontal field. Another 

\ \ \^ \ y ll [** similar neutral point X 

\ 1 ! ^ ^ must be on 

T /t I other side of the 

I I \ \ T ^ )'TJ Wy If * magnet, as shoWn in 

fl// /y/ f \ \ \ \\\ placed JV^-pole poin- 

IfJ / / // 1 \ W \ \\ iV south, the direction 

Uf/f//J\\\\\\i\ of its lines of force will be 

/ / i ! / / / ■ 1 \ \ \ i ^ I reversed ; here the two 

1 1 f J I I j I 1 ijk I fields will agree in direc- 

1 1 I I i 1 1 T 1 drawn 

I I I I I t t t T I I through the centre of the 

magnet at right angles to 
Fig. 19— Resultant Field (N-pole pointing North) g^xis and will oppose 

each other along the axis. Thus the neutral points will now be on 
' the axis, as shown in Fig. 20. 


'ill 
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A neutral point may, therefore, be defined as a point in a magnetic 
field where the resultant intensity is zero ; so a small needle placed 
„at the point will be at rest in i # 7 v i 

any direction in which it is 17 / Jjl V I I 

kept. There are two such / I 1 m a 

points in the map of the mag- I / /r 

netic field of a bar magnet ^ \ 

placed in the earth’s field. At /// f v\ * 

each of these points the field Ilf / \ 1 \ 1 

due to the bar magnet is equal I ((((rUU))])| }| 

and opposite to the horizontal \ I \ J J I 11 

field due to the earth. ^7^" rv ' 7 /// 

figures ZZ, iuaps of 'the 

■Usagnetic field of a bar magnet \ . N— ' ' 

placed at different positions 1 / 

relative to the earth have I \ it ‘ 

been given. The points marked i \ v hi / 

JC show the positions of the • w o' 

neutral points. Resultant Field 

(c) Some Important Maps (i; Fig. 19 represe-'"*® *’lt 
resultant field due to a magnet with its J\f-pole pointi 

(2) Fig. 20 represents a complete field wherf. of the 

.'ba.-r-magnet piacv.i in the magnetic meridian is r 

(3) Fig. 21 represents 
I 11 V J V II the resultant field due to 

I \\ N. I J the earth and a magnet 

I J \ in east-west direc< 

/ J/ \\ }} f J I Magnet in 

/ I lll/y Jill I position. — Fig. 22 

ill ^ III show's the positions of neu- 

III /It points (marked X and 

1111 // I 1 ^ 

I I I I I \ Ji yy / ^ magnet, when placed in 

I I I I \ / any position with respect 

I I j j ‘ I earth’s field. In 

I J I I W / particular case the 

I I I I I \ • I \1 I S axis of the . magnet makea 

an angle of about 70° with 
Fig. 21 — the direction of the earth’a 

Beaultant Field (ZY- pole pointing East) field. 
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(d) Some More Cases of Lines of Force. — A few important oases 


of lines of force are indicated 
diagram matically in Figs. 23 — 
25. Fig. 23 shows the map of 
the lines of force due to a horse- 
shoe magnet ; Fig. 24 that due 
to two bar- magnets with their 
like poles together ; and Fig. 25 
that due to two bar- magnets 
with unlike poles together. 

N. B. From the above expe- 
riments it might appear that the 
lines of force around a magnet 
all lie in one plane, but in fact 
they extend throughout all the 
space around the magnet. 

16. Lines of Force, Liq^ s of 
Magnetisation, and Lines of In- 
duction. — When a long rod of a 
magnetic substance is placed in 
a magnetic field paraliM to the 
direction of the field, it is 



Fi#^. 22 — Kesultant Field 
(Bar- magnet in any position) 

magnetised by induction. The 


number of lines of force per sq. cm. of the cross-section of the field in 


the space occupied by the specimen is increased due to a number of 



Fig. 28 Fig. 24 Fig, 25 

lines of force added by the induced magnetism of the rod. Thus, 
within the magnetic substance, we may make a distinction as 
follows. — 

(a) There are lines in air which are due to the magnetising field 
and which would exist if the magnetic medium were not there. They 
fire called the lines of force. 

u (II) 
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(b) There are additional lines within the magnetic substance which 
are due to the induced magnetism of the rod. These lines are referred 
to as the lines of magnetisation. 

{c) The total lines comprising the lines of force find the lines of 
magnetisation are referred to as the lines of induction. The strength 
of the magnetic field within a magnetic material is due to the lines of 
induction, i. e. to the joint effect of the lines of force and the lines of 
magnetisation. 

16(a). Intensity of Magnetisation. — In the case of a magnet, 
which is uniformly magnetised, that is, on which the amounts of 
free magnetism on the opposite sides of a cross-section taken 
perpendicularly to the axis at any point are exactly equal but of 
opposite sign, the intensity of magnetisation at any point is known as the 
magnetic moment (vide Art. 23) per unit volume taken about that point. 
Thus, if M be the magnetic moment, m the pole strength, 2Z the length 
in centimetres, a the cross-section in sq. pm., V the volume in cubic 
centimetres, we have, the intensity of magnetisation 

_ m'^21 ^ m 

V a^2l a ' t 

Hence the intensity of magnetisation is also defined as the pole 
strength per unit area. 

16 (b). Permeability and Susceptibility.— Magnetic lines of force 
can pass more easily through magnetic substances than through non- 
magnetic substances like air, etc. Fig. 26 shows that soft iron is moi3 * 
permeable to magnetic lines of force than air or it is said 
to be of greater permeability. If a piece of soft iron is placed in a 

magnetic field, it causes a shrinkage of the 
lines of force from air into the soft iron 
piece, which has a very great permeability.^ 
The permeability of a substance is always 
compared relative to air. Thus Permeabi- 
lity can be defined as the conducting power 
of a medium for magnetic lines of force as 
compared' with that for air, and is measured 
by the ratio of the number of lines of force 
Fig. 26 passing normally through a unit area placed 

within the substance (i e. the lines of induction) to the number of lines 
passing through the same area placed in the same position in air when 
the substance is removed. 

If B denotes the number of lines of induction per unit area of the 
substance when placed in a magnetic field (air) H, then B measures the 
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magaetic induction and H the magnetising force. The ratio of B to H* 
measures the permeability of the substance. Thus, 

^ Permeability It is greater for Iron than for Nickel or Cobalt. 

The susceptibility of a magnetic substance is measured by the ratio 
of the intensity of magnetisation I of the substance to H, the magneti- 
sing force. Thus, 

Susceptibility ZiT* ^ . It is greater for soft iron than for steel. 

It can be proved that for a magnetic substance placed in a 
magnetic field, B = 7/+ 4^ I. 

Dividing both sides by 77, J5/ 1 + 4^ 7 , or, // " 1 + 

17. Ferro-magnetic, Para-magnetic, and Dia-mugnetic Subs- 
tances —From a study of the behaviour of substances in a magnetic 
field it has been found that they may be classified under two distinct 
classes — para-magnetic andsdia-magnotic. 

Para-magnetic bodies such as Ft., K, Al. Og, etc. when freely 
suspended in a magnetic field ultimately set themselves parallel to the 
direction of the field, i.e. they move from the weaker to the stronger 
parts of the field. Magnetism is induced in them in such a way that 
the acquired magnetisation increases the field within them. That is, 
for them the induction B is greater than the magnetising field 77. So for 
tjiem, permeability is greater than unity (c/. //= B^H) and suscepti- 
mlity K is positive (c/. + 4^i^). So when such a body is introdu- 

ced in a uniform field, the lines of force become more closely packed 
within the body than in the space outside, as in Fig. 26. Iron, 
Nickel and Cobalt should be considered belonging to this general, class 
judging them by the above characteristics. But, in their case, the 
Induced magnetism, when placed in a magnetic field, and hence suscep- 
tibility and permeability, are so great in comparison with others 
that it has been thought fit to group them into a separate class. This 
is why they have been given a special name — ferro-magnetics. Curie’s 
experiments show that for para-magnetics, magnetisation in a magnetic 
field varies inversely as the absolute temperature, and above the curie- 
pointt ferro-magnetics pass into the para-magnetic state. It must not, 
however, be understood that para-magnetism and ferro-magnetism are 
only two aspects of the same phenomenon differing from each other 
only in degree. The difference is really a difference in kind. Ferro- 
magnetism is not shown by substances which have no definite crys- 
talline structure. Since liquids and gases have no definite structure^, 
they can never be ferro-magnetic. 
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Dia-magnetic bodies suoh as Bi^ Sb, Hg, Ag, Zn, CutPh, water^ 
quartz, etc., when freely suspended in a magnetising field, tend to set 
themselves at right angles to the lines of force, though the effect is 
generally only too feeble. In a magnetising field they acquire sucl:^ 
magnetisation that they move away from the stronger to the weaker 
parts of the field, i.e. the polarity created in a dia-magnetic body is the 
reverse of that created in the para-magnetic body. The lines set up 
within the body due to acquired polarity oppose the magnetising lines 
of force, and hence the induction B is less than the magnetising field 
H, i.e, the permeability is less than unity and susceptibility negative. 
So, when such a body is introduced in a uniform magnetic field, the 
density of the lines of force within the body is less than that in the 
surrounding space. Unlike para- magnetism, dia-magnetism is indepen- 
dent of temperature. 

17(a). Iron and Steel. — Soft iron is readily magnetised, that is, 
the susceptibUity of soft iron, i.e. the capacity for its being magnetised 
by a magnetic influence, is greater than that of steel, but the reten- 
tivity, i.e. the power of retaining the magncjisation, after the magnetis- 
ing force is removed, is smaller. 

The retentivity of steel is greater, though it is rfot readily magne- 
tised like soft iron. 

The power of retaining magnetism, inspite of rough handling or 
any other subsequent demagnetising treatment, is known as coereivity. 
The coereivity of steel is greater than that of soft iron. 

It should be noted that steel, containing about 13 per cent, cf 
manganese is non-magnetic. 

Any kind of steel which is capable of being hardened can be used 
as a permanent magnet. In recent years tungsten- steel (3*6 per cent, 
of tungsten and 0*6 per cent, of carbon), cobalt-chrom-steel (cobalt 
15*0, chromium 9 0, molybdenum 1*5, carbon 1*0, and iron 73*5 poFa 
cent ), cobalt-steel (carbon, tungsten and cobalt) and “Alnico" (10% Al., 
18% Ni., 12% Co , 6% Cu. and 54% iron) are being used for good per- 
manent magnets. 

17 (b). Magnetic Screening. — By placing sheet of soft iron D 
y. between a point P and a bar- 

^ magnet as shewn in Pig 27(a), 

^ i tbe point P is shielded from the 

^ P \ ^ magnetic effect of the magnet. 

M lines of force after 

IJ I ' entering the iron do not pasa 

Fig. 27 (a) Eig. 27 (b) out of it in the initial 

direction for they will traverse tha iron which is more permeable 
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to them than air, Le. a path of much lower resistance for their 
passage. The lines of force being thus deviated along the iron -path, 
the point P is made free from the magnetic held. Similarly, by 
placing a hollow spherical shell of soft iron in a magnetic held it will 
be seen that there are no lines of force and, therefore, no magnetic 
force inside the shell. So the space inside is entirely free from the 
magnetic effects of the held. If a magnetic needle is placed inside 
a soft-iron ring, as at It in Fig. 27(b), near a magnet, the needle will 
be screened from the action of the magnet. In the above cases, the 
magnetic material, through which the lines of force crowd, leaving any 
space free from them, acts as a magnetic screen. Such a screen should, 
therefore, be a substance of high permeability and suitably designed. 

18. Localising the Poles of a Bar-magnet. — A compass needle 
is placed on a sheet of paper hxed on a drawing board. Two large pins 
(P.Pi) are hxed vertically on the table (outside the drawing board) 
so that the piece of thread joining the heads of the pins is parallel to 
the needle in its position of rest. The thread, thus set up, represents 
the magnetic meridian af the place of the experiment. Now, the 
compass needle is removed to some distance, the bar-magnet AB is 
placed on the paper and its outline is drawn by means of a pencil 
(Fig. 28), 

The needle is then placed near one end of the magnet. In this 
position, neglecting the effect of the other pole, which is at some 
distance, the needle is acted upon by two couples, — one due to the 

f hrth's held, and the other due to the adjacent pole of the magnet. 

he board is then turned until the needle becomes parallel to the 
thread, i.e. until it is in the magnetic meridian. In this position the 
couple due to the earth's held vanishes, and the needle is acted on 
only by the adjacent pole of the magnet. The positions of the two ends 
of the needle are then marked 
^n the paper, and the experi- 
ment is repeated by placing the 
needle in different positions 1, 2, 

3, 4, etc., near the same end of 
the magnet. The magnet and 
the needle are then removed, 
and straight lines are drawn 
through each pair of points. 

These lines, when produced in- 
side the outline of the magnet, 
will meet almost at a point near 
the end. This is the position 
'of a pole. 



Fig. 28 
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Similarly, placing the magnet again on the outline and repeating 
the experiment, with the needle placed near the other end, the position 
of the other pole can be located. The distance between the poles 
N and S is called the magnetic length of the magnqt. The magnetic 
length is usually about 85% of the length AB of the magnet. 

19. Laws of Magnetic Force. — When two magnetic poles are 
placed near enough there is a force between them, attractive or repul- 
sive, whose value depends on their distance apart. The famous 
French scientist C. A. Coulomb (1736-1806) first determined the 
magnitude of such a force. The following are the laws for the action 
between two poles : 

1. Like poles repel and unlike poles attract. 

2. ( a) The force between two magnetic poles varies directly as the 
product of their pole strengths, when the distance between them is 
constant. 

Thus, if m, m' denote the strengths of the two poles,' d the 
distance between them and F the force between the two poles, then,* 
mm\ when d is constant. 

It is evident that if the pole strengths m, m' s^e increased, the 
foroQ will be greater. 

(6) The force between two magnetic poles varies inversely as the 
square of their distance apart ; 

or 1/tZ®, when m and in are constants. 

Thus, if the distance is doubled che force between the poles 
becomes i- of its former value, or when the distance is trebled th9 
force is reduced to ^ of its initial value, and so on. 

This law, viz., F « is known as the Law of Inverse Squares. 

Combining the two laws, we have, = k , 

where ^ is a constant depending on the medium and on the units 
adopted in the measurements. 

Unit Pole. — The unit pole (in the G. G. S. system) is defined as the 
pole which, when placed at a distance of one centimetre in air or vacuum 
from another pole of the same strength, is repelled with a force of one 
dyne. Thus if m — m' — I, andd*l cm. of air, F becomes equal to 
one dyne according to this system of measurement. Putting these 
values in the above equation, k reduces to unity. That is, in the 
0. G. S. system, the force of action between two poles takes the form, 

in j 

F- dynes. 
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20. Strength (or Intensity) of a Magnetic Field.— The strength 
or intensity of a magnetic field at a point is defined as the force 
exerted on a unit north pole placed at that point. 

^ A magnetic field has unit intensity when it exerts a unit force m a 
unit north pole placed in it . 

In the C. G. S. syatetri the unit of intensity is called a Gauss, 
after the celebrated German Mathematical physicist, Carl Fiedrioh 
Gauss (1777-1855). The stiengtk of field at a point is one Gauss, if 
a unit north pole is acted on loith a force of / dyne at that point. 
Thus, if a unit pole, placed at a point in a magnetic field, is acted on 
by a force of 10 dynes, the intensity of the magnetic field at the point 
is 10 gauss. 

Remember that if a field has a strength of II gauss, then the force 
exerted on 


a pole of 1 unit strength = i/ dynes, 

.a pole of 2 units strength = 2 7/ dynes, 
a pole of m units ^rength H dynes. 

Thus, if F be the force in dynes on a magnetic pole of strength m 
units at a point in a magnetic field of strength 77 gauss, then 
V ^xsslIA dynes. 

[Note. — The field strength (77) is a quantity which possesses 
direction as well as magnitude, i.e. it is a vector quantity, the direotion 
at any point being determined by the direction in which a .^/^-pole is 
urged. When it is necessary to indicate the direction as well as the 
Magnitude of this quantity, the term magnetic force is used in place 
of field strength.] 

Examples.— 2. Two N -seeking point-poles, one of umt strength and the other of 
strength 2 units, are placed at A and G of a triangle ABC having sides AB, BC, and 
CA equal to 3, 4 and 5 respectively. Determine the resultant force on unit pole! at B. 

Since 5® = 3® + 4®, the angle at B is a right angle. 


Repulsive force at B due to X = 


ixl 

3® 


^ dyne ; and that due to 0 


1 

4® 


“4 dyne. Produce AB and CB and draw the parallelogram of forces at B. The 
parallelogram will be a rectangle, and hence the resultant force is given by 

^/(4)• + (i)*- -0-168 dyne. 

2. Two exactly similar poles are placed at a distance of 8 cms. apart and the 
force between them is 9 dynes. Calculate the force in gram-weight ' when they are 4 
cms. apart. 


Let the strength of each pole be m units. Then by Coulomb’s La^, the force 


jr. 


dynes. Hence m = m ') ; 9 = 


8 ® 


± 24 units. 
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The ± sign shows that both poles may be north polos, or both may bo 

, 24 X 24 

south poles. The force F , when they are 4 cm. apart-* - = 36 dynes. 

Now, 981 dynes = 1 gm. wt. ; /. 1 dyne^gjrx wt. ; 36 dynes — 

wt. 

' 20 (a). Magnetic Potential. — A magnetic pole placed at a point 
in the field of another magnet possesses potential energy ; for, a single 
iV^-pole, if free to move, would move along the line of force, the work 
being done by the system ; again work will be done against the 
system if the pole is brought to the point against the magnetic 
intensity. The potential energy of a unit N-pole placed at a point in 
a magnetic field, i.e. the work done in bringing up a unit N-pole from 
infinity (a point of zero magnetic intensity) to a point against the 
magnetic intensity is called the magnetic potential at the point. The 
unit of potential (in the C. G. S. system) is the magnetic potential 
at a point such that 1 erg. of work is needed to bring a unit W^-pole 
to the point from infinity. 


Questions 


Arts. 14 Sl 15. 

1. Describe what is meant by a line of force due to a magnet. Two 

bar-magnets are placed end to end with their north poles towards one another 
separated by a few inches. Draw the lines of force in the plane of the paper, 
neglecting the effect of the earth’s field. (C. U. 1924, ’42) 

[See AH. 10]. * 

2. Define : Magnetic field, Line of force and Neutral point. (Pat. 1948) 

3. Trace the lines of force surrounding a bar-magnet when the magnet is 
placed along the magnetic meridian with the iV-pole pointing north. 

(C. U. 1933 ; Dac. 1932) 

4. A bar-magnet is placed in the magnetic meridian with its iV-pole 

pointing North. Explain why neutral points are produced ? (C. U. 1946) 

5. Draw roughly the lines of force due to a bar-magnet placed with its 
north pole towards East, and indicate the position of the Neutral points. 

(All. 1944) 

6. How would you trace the lines of force in the neighbourhood of a 

bar magnet ? Indicate how the shape of the lines you get depends on the 
earth’s magnetism. (0. U. 1911, ’14) 

» Arts. 16 & 16 (a). 

7. Explain why carpenter* tools are sometimes magnetised. How will 

you protect a watch from magnetic disturbance, if you have to work for long 
period near powerful magnets ? (Fat. 1924> , 
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[Hint. — Carpenters’ tools are sometimes magnetised due to the inductive 
•action of the earth's magnctiHm.j 

8. What would be the effect on the magnet’s field on placing a small ring 

of soft iron (with its plane parallel to the plane of the paper) in the space 
between two north poles ? (C. U. 1909, '21, ’24 ; cf. ’38) 

Art. 18. 

9. Describe how you would proceed to determine the position of the 

poles of a bar-magnet. (C.U. 1922, ’26, ’30, ’31) 

Art. 19. 

10. What is the force exerted between two magnetic poles of strength 

32 and 36 units at a distance of 12 cms. from one another. (C. U. 1928) 

\_An8 : 8 dynes.] 

11. Explain what is meant by saying that the pole -strength of a magnet 

is 50 unit. (C. U. 1949) 

12. State the laws of action between magnetic poles. Two north poles 
repel one another with a force of 2 4 dynes, when their distance apart is 2 cms. 
What w^ll be their distance apart, when the force is 3‘6 dynes ? Find also 
the repulsive force when then* distance apart is 3 cms. 

(0. U. 1916, ’25 ; Dac. 1935) 

\_An8 : d-l*63 cm. ; J^’-l*06 dynes] 

13. Magnetic iV-porcs of strength 50 and 90 units are placed at the 

corners B and C of an equilateral triangle ABC of side 10 cms. If a 5f-pole of 
strength 80 be placed at .4, find the resultant force on A. (Pat. 1948) 

[Ann : 98’3 dynes.] 


CHAPTER III 

Magnetic Measurements 

21. Uniform Magnetic Field. — A magnetic field is said to be 
uniform when the strength of the field is everywhere the same, both in 
magnitude and direction. Such a field is represented by a system of 
lines of force which are parallel. In such a field a compass needle will 
vibrate at the same rate at all parts. The forces exerted on a magnet 
in a uniform field form a couple, 

Expt.— Suspend a bar of steel in a suitable carrier by a long 
unspun silk thread. Allow the thread to pass through a hole (without 
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touching any side) in a horizontal plate fixed to the suspension frame. 
Now take away the bar, magnetise it, and carefully replace it in the 
carrier in exactly the same position as before, when the thread will 
be found to hang in the same way G e without touching the plate). 
It will, however, turn to-and-fro about the thread' and finally set' 
itself along the magnetic meridian at the place. This shows 
that no resultant horizontal force acts on the magnet as a whole, 
but the forces form a couple. They tend only to rotate the magnet 
and not to move it bodily in any direction. Hence the action of the 
uniform field is not translatory but only directive. 

22, Equality of the two Poles of a Magnet. — The two poles of a 
magnet may be proved to be of equal strength. Let m and m be the 
pole strengths of the north and south ends of the magnet, then the 
forces acting on the poles, when placed in a uniform field of strength 
n (e.(j. the horizontal component of the earth's field), are mil and m^fl. 

Now, if a magnet is freely suspended at its 
centre of gravity, it will be Wnd to set itself in 
the magnetic meridifr<n and there will be no ^ 
tendency of the magnet to move as a whole along 
the direction of the field. This tact can also be 
shown experimentally by placing a magnetic 
needle on a cork on the surface of a large bowl 
of water [Fig. 28 (a)l. The cork will he found to 
rotate until the needle lies in the magnetic merU 
dian, i.e. points north and south, or, in 
other words, there will be a motion qfi 
rotation of the needle and 7iot of translation (see also Ch. IV). In the 
position of equilibrium the fdrces, acting on the needle due to the 
earth’s magnetic field, neutralise one another, i.e. they are equal in 
magnitude and opposite in direction. 

Thus, -m^TI ; or -m' ; 

i.e. the poles of a magnet are equal in strength but opposite 
in kind. This experiment also proves that the earth’s field at a 
place is only directive. 

23. Non-Uniform Field. — In a non-uniform field the forces acting 
on a magnet are equivalent to {i) a couple^ and ( ii) a force acting at its 
centre of gravity, the result being a motion of translation and not 
merely a directive one. 

In the above experiment it is seen that the floating magnetic 
needle simply rotates into the meridian as the field in this case is 
uniform. But if another magnet is brought near, the needle will rotate 



Fig. 28(a) 
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and also move towards the magnet, the latter movement being due to 
the force acting on the needle as a whole. 

* 24. (a) Magnetic Moment. — The magnetic moment of a magnet is 
dedned as the product of the strength of one of its poles and the dis- 
tance between them. 

If m be the pole strength of a magnet of length 22, the magnetic 
moment ilf =* 2ml. 

The effect of a magnetic field in causing a magnet to rotate 
about an axis depends upon the product 2ml. i e. the magnetic moment 
of a magnet. 

Couple on a Magnet placed in a Uniform Field. — Suppose a mag- 
net NS of pole strength r/i and length 21 oscillates in the earth's uni- 
form horizontal field (Fig. 29). 

Let the axis of the magnet make an angle 0 with the magnetic 
meridian at any instant of time, 
and let H gauss be the intensity 
of the* uniform field. Then the 
force acting on the • north pole 
of the magnet is mil dynes in 
the direction .TiV, and on the 
south pole there is. a force mil 
dynes in the direction PS, These 
two forces are equal and parallel and 
constitute a couple. 

The moment of the couple on NS = 

'7)no of the forces ^ perpendicular 
distance between them * mil x PT 



“ mH X 21 sin 0 — 2mlH sin 9 Fig. 29 

™MH sin 9, (2m?=-M* moment of the magnet). 

This expression is equal to M, when 0 = 90® and 1. 



Thus, the moment of a magnet is numerically 
equal to the moment of a mechanical couple exerted on 
the magnet to keep the magnet at right angles to a 
uniform field of unit strength. 

(b) Work done in Deflecting a Magnet. — When 
a magnet CD placed in a field II is deflected through 
an angle 9 (Fig. 30) the pole C- moves through an arc 
ilC, which is equivalent to the distance AB along the 
direction of the field ; the work done in moving the 
pole C against the magnetic force force x distance 
•"mll^ AB. 


Hence the total work done on the two poles 


Fig. 80 
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" 2mH {I -I cos o) “ 2inlH (1 - cos o) 

“ MI/ (1 - cos oj, where 21 =** length of the magnet, 

So, when, 0 — 90®, work done = Mil, and wheii 0—180®, work. 
done-2il/H. 

* 25. Two Magnetic Fields at Right Angles to Each Other : 
Tangent Law : — Suppose a magnet NS (Fig. 29) is hung up in two 
cross-magnetic fields, one being the earth’s magnetic intensity II along 
the meridian and the other of strength F acting at right angles to 
the meridian. The magnet will take up a position of equilibrium 
making an angle 0 with the direction of the earth's magnetic field 
under the action of two couples (one consisting of two parallel forces 
mF, acting at each end of the magnet due to the force F, and the other 
of two parallel forces mH, due to the earth's field II). The moments 
of the two couples are equal and opposite when the needle is in 
equilibrium. 

The moment of the couple due to the forces mF 
— mF X 22 cos 0 = MF cos 0. 

The moment of the couple due to the forces mil - Mil sin 0. 

Since the couples balances each other, MFooe O^MII sin 0 [Art. 23(a)J. 

At the position of equilibrium, MF cos 9 = Mil sin 0. 

Hence, - F=H tan 0, 

i. e. in this case the tamjent of the angle of deflection is equal to 
the ratio of F to II. 

Again, if H is a constant field (it is constant if it is taken to be the 
earth's field), we have, F« tan 0. 

This is the Tangent Law. 

Note. — (a) The law is applied in many instruments where a com- 
pass-needle is deflected away from the magnetic meridian by a uniform 
magnetic field acting at right angles to it (see Art. 23, Part VII). In 
these oases each pole of the needle is acted on by two forces, — 

(i) a controlling force parallel to the meridian. The force is 
generally the horizontal component H of the earth's field. 

(ii) a deflecting force F acting at right angles to the meridian. 

(h) It should be noted that in deducing the Tangent Law, the 
moment, and hence the pole strength m, of the needle has cancelled 
out, and so, in applying this law to magnetic experiments, the actual 
atrength of the needle used is a matter of no importance. 
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^Examples. — 1. A 'magnet 8 cms. in length lies in afield of intensity and 

the strength of each of its •poles is 5. Find the moment of the couple required to deflect 
it at right angles to the •magnetic meridian. (C. TJ. 1933) 

The moment of the couple is given by MH sin 0. In this case Af=8 X5 ; 
0‘18 ; sin 0 = sin 90°“ 1. Thus the moiiient of the couple" 8 x 5 X 0‘18 x 1 
■■ 7’2 C.G.S. units. 


“3. A magnetic needle of moment 900 and pole strength 50 C.G.S. units is pivoted 
so that it is free to move in a horizontal plane vjhere the earth's magnetic field %s 0'36- 
gauss in this plane. It is in equilibrium at an angle of SOf' from the meridians where 
it is pulled by a string attached to its north pole in the easterly direction. What is 
the tension of this string t (Pat. 1932) 


If H be the horizontal held and T the tension of the string, the moment 
of the couple duo to the pair of forces sin 9^ where 9 is the angle 

of deflection and A/ the moment of the magnet (See Fig. 29). This couple 
is balanced by the force due to the tension T, the moment of which about the 
centre of the magnet = T X Z cos 9. where 2Z is the length lof the magnet. 
Hence, for equilibrium, 77 cos 0 = MH sin 0 ; Here Af=900; JJ—O'SG : 


0 = 30°; and Z" 


M 

2m 


900 

*= 9. 

2 X 50 


.'. J' X 9 X ^^“900 X 0‘36 x J ; whence 7' = 20*8 dynes. 

'‘3(a). A magnet is suspended horizontally in the magnetic meridian by a vertical 
wire which is untwisted, fn order to defied fhe mignet through 4i5^ from the meridian 
the upper end of the loire has to be turned half round. Shoiv how much the upper end 
has to be twisted to defied the magnet 60f from the meridian. 


• For equilibrium two couples act on the magnet when it is deflected through 
any angle 0, — (i) a deflecting couple due to the torsion of the wire tending to 
turn it out of the meridian, the moment of this couple being proportional, 
within limits, to the angle of torsion, (ii^ a controlling couple the moment of 
which is Mil sin 9 tending to bring the magnet back into the meridian. So, 
we have. 


(Z) Angle of torsion* (130° — 45°), because the upper end of the wire is 
turned through 180°, while the deflection is 45°. 


(180°- 45°)'^ A/// sin 45° 

(a) Again, if < be the required angle of torsion, 
(<°-60°)‘^AZ/f sin60° 

(l“- 6q) sin 60”^ ^3 i 1 
185" ” sin 45° 2' 


From (1) & (2), 




( 1 ) 

( 2 )' 


>/2 ^/2 " 


<“= (135X1-2) + 60= 222°. 

(6) Another magnet B is similarly suspended by the same wire as the magnet A 
in the above example and in order to defied B through the same angle the upper end' 
of the wire has to he turned once round. Compare the •moments of A and B» 
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For the magnet A, we have (180® — 46®) “Miff sin 45®, and for B, 

(860“-45»)«Jtf,HBin 46" ; * 

* 26. Magnetic Field due to a Bar-Magnet id Two Standard' 
Positions. — 

(i) End-on Position. — At this position the point P at which the 
intensity is to be measured is on the magnetic axis of the magnet 
(Fig. 31). 

The intensity of the field at the point P is measured by the force 
exerted on an imaginary unit iV^-pole placed at P (Fig. 31). 

Now a unit N-pole placed at P will experience (i) a force P,i 
due to the ^-pole of the magnet repelling it from the magnet ; and 
(it) a force Ps due to S-pole drawing it towards the magnet. 

Because Fn and Fa act in the 


-TO 

--E 


I'S 


+ tn 


lO 

U-- 


*♦—21 — 


N| 

-•t- 

J 


- d ... 


P 

I 

I 


We have, 


Fig. 31 


and Fs = 


same sti;aight line, but in opposite 
directiG|,ns, and the N^-pole is nea- . 
rer to P than the S-pole, Fn is 
greater than Fs. The resultant 
force F will act in the direction 
SN, and will be equal to F- Pn - Fs. 

m X 1 


SP^ 


Then 


?n 


F - (where m is the pole strength). 


Let d denote the distance of P from the middle point 0 of NS, and 
21 the length of the magnet, then, we have, 

w+i)* \U-iy Td+i)*^ 


F- 


m 

\d-ir ~ 
imld _ 


2Md 


(d® -l*j* 2ml^M, the moment of 

the magnet. If I is very small compared with d, I* may be neglected 
compared with d®, and the force becomes, 

2M . . 

( 2 ) 


2ilfd 

J''“ units of intensity, per unit pole 


Thus the intensity of the magnetic field at a distant point P due 
, to a short magnet in the Snd-on position is given by, 

2M 

d*’ 


F-‘ 
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(ii) Broad-side-on Position. — In this case the point P is on PO, 
the perpendicular on the axis of the magnet at its middle point. The 
magnetic force Pn at P due to N-po\e^m/NP^ in the direction NP, 
And Fs due to S-polo*w/PS® in the direction PS (Fig. 32). 

Then the resultant force F acting on an imaginary unit N-pole 
^ situated at P is to be calculated to 

find the field strength there. 

Denoting the two forces Fn and 
Fs by the lengths PA and PB res- 
pectively and completing the paralle- 
logram, the diagonal PK represents 
in magnitude and direction the resul- 
tant force F at P. Since the two 
triangles NPO and SPO are equal, 
we have NP = SP. Therefore, the 
forces Fn and Fs are equal and so the 
lengths PA and PB of the parallelo- 
gram PAKB must be equal. Since 
PA “ PP, the diagonal PK, which is the 
resultant, must bisect the angle APB 
and will be parallel to NS, 

If LAPB-^0, the resultant PAT* =P-P+PP® + 2Pid. PB. cos 0. 
(vide Art. 32, Part 1). That is, 

PZ»«2PiP“ + 2P.4* cos 0 = 2P/P(l + cos 0). 

■2P.4» (l + 2 cos* - 1 ) 

* {fpTY 'i 



Fig. 32 


-AtPA 


cos' 


“ ^ (iVP* ) • ( ) 


PJC 


or 


P 


cos 
2ml 

Nps- 

M 

~ NP\d^ +P) ' 

M 

s/(d» +y*) (d»+i*) 


/ m 

ViYP* 


)*• (S 


4»i*J* 

'(NP?)‘ 


.. 

"np’‘ 


{NS -‘21 and PO 
M 


■d) 


(d* + l») 


i 


If I is very small compared srith d, this becomes, F“ 
units of intensity per unit pole. 


M 


(d*)* 


M 

d* 
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The intensity of the magnetio field at a distant -point P due to a. 

M 

short magnet in the Broad-side-on position is given by, F= ^ 3 , 

V 

Note. — {i) The force at a point on the bisector of the axis is onlu 
half as great as the force at an equally distant j^oint on the prolongation 
of the axis. 

( ii) The force depends on M. So the force remains iinaffected hy 
replacing the magnet with another of different length but equal moment^ 
the axis being placed in the same direction. 


27. Determination of Pole Strength and Magnetic Moment of 
a Magnet (i) By means of Neutral Points : — 

When a bar-magnet is placed in certain positions relative to the 
magnetic meridian (Figs. 19 — 21), neutral points are obtained due to 
the neutralisation of the earth's horizontal magnetic force H at the 
points by the forces due to the poles of the magnet. 

{a) In Fig. 20, the field F at the neutral point X due to the 
magnet “ H. 


But F = , LArt. 26 {i)J. 


M' 




TT 

J/= : and 


2d 


; where d is the distance of X from the centre of the 


magnet. But M= pole strength m x length of the magnet (21) 
2d~ \ or m 4;^' • 


2ml 


Knowing the value of //, the value of M or m can be found. 

(h) In Fig. 19, F „ [Art. 26 (ii)J. At the neutral pointy 

(d^ 




M 

(d®+Z®) 


3 • or M-II and m = . 


(ii) Another Method. — In the end-on position, when the magnet 
is long, the force F at the neutral point may be regarded as entirely 
duo to the north or south pole which is near to it and the foroe due to 
the other pole may be neglected. 

m jn - 


At the neutral point, F—H. But F 
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or IIj where d is the distance of the neutral point from the 

pole. Thus, knowing 7f, m can be found. ^ 

(iii) By Applying the Principle of Triangle of Forces.— 

The following two examples will explain this. — 

(i) A har-magnet with its pole 10 cms. apart lies along the magnetic 
meridian with its north pole pointing north. A neutral point is obtained 
15 cms, from each pole. Find the pole strength of the magnet. The 
intensity of the earth's field is O' 18 gauss. 

See Fig. 18, where A is the neutral jjoinl: duo to the magnet NS. 

M 

By Art. 27 (ii), the resultant force 7’* ^ at the neutral 

point. Here (d*+i®) = US)^ or (AN)^^15'\ (d® + « 15®, 

and ^ 10, where m = pole- strength. y^^ = 0*18 ; 

• 018x1.5® 

or, m “ * 60 7^ units. 


Otherwise thus : — This can also be done by the application of the 
principle of “the^trian^le of forces’*. If a unit north pole be placed at 
the neutral point A (^ig. 18), it will be in equilibrium by the action of 
three forces, two due to the two poles, which are in this case equal, 
and the third due to the earth. Those three forces can be represented 
in magnitude and direction by the sides iSN, NA and AS of the 
^riangle ASN ; of which SN drawn parallel to the horizontal field H 
in the direction S to N represents H, and similarly NA and AS drawn 
parallel to the directions of the other two forces represent the forces 
mll5^ and m/15® respectively. According to the principle of the 
triangle of forces, the forces will be proportional to the sides to which 
they are parallel, i e. 


m/15®^ AS i? 

H SN ’ 0-18 JO 


m 


15® X 0*18 
10 


60*75 units. 


(2) In Fig. 22, where the magnet is placed in any position with 
respect to the earth’s field, the pole strength can be calculated thus : — 
As in the last example, draw the sides CA, AB, BG, of the triangle 
CAB, parallel respectively to the directions of the forces mldi^, mld^^ 
and H, the earth’s field, where d^^ AN, d^^^AS, So, we have, 

"* BO ' if " B~C^ which m can be calcu- 


lated after actually measuring the sides of the triangle and also 
distances of A from the poles of the magnet. 


16 (II) 
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(iv) By Oscillation Masnetometer. — Wide Art. 34 (ii)] 

' 28. Action of a Magnetic Needle in two Magnetic Fields at 
Ri^ht Angles — The combined etfect of the earth's horizontal field H 
and the field due to a distant bar-magnet lying east^and west on a 
stnall pivoted or suspended magnetic needle is considered, and of this 
two important cases arise. 

(i) Tangent A Position of Gauss.— A bar-magnet NS is placed 
so that its axis is perpendicular to the earth’s field, and is so placed 

that the axis is in line with 
the centre of a small suspended 
magnetic needle N'S' (Fig. 33), 
i.e. the centre 0 of a magnetic 
needle is at an end -on position 
with the magnet NS. 

If m be the pole strength of 
the magnetic needle N'S\ tbe 
needle will experience two couples, 
— on© consisting of two parallel forces mil dynes duo to the earth’s 
field H acting on N and S‘ parallel to the meridian, and the other, of 
two parallel forces m^F dynes, due to the field F of the bar-magnet 
acting on N* and ^ S' perpendicular to the meridian. NS' being 
small, the field at N* and S' due to N S may be taken as equal to that 
at 0 The latter couple tends to set N'S' at right angles to the 
meridian. 

When the needle is in equilibrium making an angle 0 with the 
direction of the earth's magnetic field, the moments of the couple are 
equal and opposite (see Art. 24). 

The moment of the couple due to tbe forces mil, called the 
controlling or restoring couple ^ M'F sin 0, where M' is the magnetic 
moment of N‘S\ and that due to the forces m x F, called the deflec- 
ting couple » M'F cos 0. 

Since the couples balance each other, M' F cos 0^M’ H sin 0 ; 



or F^H tan0. But F= 


^Md 


(where M is the magnetic moment of NS), 

md 


[Art. 26 (i)] 




•H tan 9 ; or 


H 2d **" 


.( 6 ) 


If { be very small compared with d, I* may be neglected, and this 


lieoomes 


H 2 


tan 0 


( 6 ) 
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(ii) Tangent B Position of Gauss. — In this case 
at right angles to the earth’s field and the centre of 
with the bisector of the axis of NS (Fig. 34), Le. 
the centre of the needle N'S' is at a broad-side-on 
position with the magnet NS, 

As before, the moment of the couple due to the 
forces mHt i.e, the restoring couple » M'JI sin $, and 
that due to the forces m x i,e. the deflecting couple 
— cos 0. 

Since the couples balance each other, M^F cos 0 
= M'n sin 9 ; or F^ll tan 9, 

M 

But in this case, F^ Is [Art. 26 (ii)] 

(d*+iT 


NS is placed 
N^ s' is in line 



--- 24 - 
Fig. 84 


(where M is the magnetic moment of NS). 

/. — ^ a 11 tan 9 \ or ^ -(d* + l®)^ tan 9. .(7) 

(d«+Z»)* 

If I be very small compared with cl, this becomes, 

^-d*tan» ... ... .. (8) 


Note. — The above two cases are known as Tangent positions of 
Gauss as in each case the forces are at right angles, and, therefore, the 
Tangent Law (Art. 24) applies. 

Problem. — Two magnets of the same type, but of moments M and 
HM, are mounted on a frame so as to form a cross. If the combination 
IS suspended at the centre with a vertical fibre, find the direction in which 
it will set in the earth's magnetic field. 

Calculate also the intensity of the field at a distance d from the centre 
of the cross on the prolongation of one of the arms. (Pat. 1923) 

Let NS be the magnetic meridian, and let < be the angle which the 
axis of the magnet N^Si, makes with NS, and P the angle which the 
axis of the other magnet N%S% makes with NS (Fig. 36). 
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Let the couple on the magnet N^Si (having moment 2M) be 
III 2MII sin < tending to rotate the system counter- 

I ^ clockwise, and that on the other (having 

, : I I moment M) be Mil sin P tending to rotate the. 

, I I j system clockwise into the magnetic meridian (see 

Art. 23). For equilibrium, 

2MH sin sin (1) 

2 sin •*c = sin P. But, because the angle 

ir I I ** 

I I between the two magnets is 90'', we have, 

1 • ^ sin/3 — cos<; 

T ^ 

I /. 2 8in«( = cosx from (1) ; o^ tan*^*^. 

St Hence the system sets with the magnet of mo- 

ment 2M at an angle with the meridian whose 
35 tangent is i. 


(a) Intensity at the point F at a distance d from the centre of the 

cross on the prolongation of the axis of S 2 N 2 is 2Mjd^ in the direction 
of produced, and that due to JV^iSi is 2Mld^ in a direction parallel 
to the axis of (see Art. 26, i and ii). 

The resultant intensity B 

(b) When the point P is placed at a distance d on the prolonga- 
tion of the axis of A\Si, the intensity at P due to A\Si is ^Mld^ in 
the direction of N^P produced, and that due to N 2 S 2 is M/d^ in a’ 
direction parallel to the axis oi S 2 N 2 - 

•mu u . • . -.7? \/l^\ " y M 

.. The resultant intensity E = V j + j ~3 • 


Examples. — i. A compass needle is placed 30 cms to the east of a small magnet 
and the needle is deflected through 45°. Calculate the mom&nt of the magnet and the 
pole strength, if the length is 6 cms. The value of H may he taken as O' 352 gauss. 

M 

We have, , tan In this case, £f*0’362 ; rf = 30 + 3 = 83 

H 2d 

- . M (33>-3’*)»xl 


cms. ; 2^8 cms. 


; or M= 6220-8 


strength X length* moment of the magnet ; /. Pole strength— 


6220*8 


* 1086*8 


' f ,2, There is to be^ found a neutraji point'on the prolongation of the, axis of a bar- 
Snagnei at the Stance! of, 10 cms, frdm the^ nearesi ppfe. If the length of the bar be 10 
ems; and H ■ 0'3& Oi 6 .' S.'unif; Hnd' Ihe^phU 'sttevt^hof Vie magnet, ' {Pat. 1931} 
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The resultant force 



But this force F is exactly neutralised by the earth's horizontal 'field ff, * 
i.r. by a force of 0'36 dynes. 

. 400 X 0*36 , ... 

Thus, ; • - ??i- = - ^ “48 units; or Pole strength “ 48 units. 


Otherwise : — By Art. 27 (i), F = 


2Md 


7 = 5 cms. 


Jlf' 


^ 0 * 36 ( 152 - 5^)2 ^ 


2x 15 


480 ; 


n. Here ^2 “ 10 + 5 * 15 cms. ; 

M 480 
"‘"22 “ 


3. An unmagnelised steel Jieedle is pivoted at its centre of gravity and rests 
horizontally. It t.s then magnetised and it is found that it no longer rests horizontally 
when pivoted at the same point ; when a load of 0’03 gm. is placed on the needle at a 
distance of 5 cms. from its centre of gravity ^ it becomes horizontal^ again. Calculate 
the magnetic moment of the needle. YH=^0 23 gauss; g = 980 cmjsec^ ; Angle of 
dip^Sd*] {Pat. 1943) 

Let m be the pole sti«ngth and 21 the length of the magnet, and V the 
vertical component of the earth’s field. 


Taking momcAts of the two forces about the 0. G. of the needle, after it is 
magnetised, wo have, 0*05(7 ^ 5 « Vnil ; or 0*05 x 980 X 5 “ Jf tan 30® X ml 


0*25 

.. - X ml. 

^/3 




.'. jjil = 980 JS. Hence \£ = 2mZ“ 1 960 ^/3 C. G. S. units. 

} 

"29. Magnetometer.— It consists of a small compass needle 
pivoted, or suspended, at the centre of a graduated circle, divided into 
four quadrants each reading from 0^ to 90°. The needle car- 
ries at its centre a long aluminium pointer at right . angles 
to it. The needle is enclosed in a wooden box provided a glass- 
top through which the movement of the needle can be 
watched. The cover glass prevents air currents from dis- 
turbing the needle. The compass box is mounted on a wooden 
base provided with two long arms on either side, each being fitted 
with a metre scale so that the zero marks of both the scales begin 
from the centre of the needle. Usually there is a refiecting mirror 
at the bottom of the circular scale. The position of any end of the 
pointer is read against the scale ; when looked at vertically downwards 
it coincides with the image produced in the mirror. This type is 
known as a Deflection Magnetometer (Fig. 36). 

A magnetometer can be used for ( a) comparing magnetic . moments ; 
{}>) comparing^ magnetic field strengths ; (c) verifying the law of inverse 
sqmres. . » 
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30. Comparison of Magnetic Moments of two Magnets by 
Deflection Magnetometer. — This can be done by using a deflection 
magnetometer in the Tangent A position, or Tangeqb B position, of 
Gauss. 



Fig. 86 — The Tangent A Position of Gauss 


(a) Tangent A Position. — (i) The magnetometer is placed so 
that its arms (te. the metre scales) are at right angles to the magnetic 

meridian shown by 
the dotted line NS, 
and the ends of 
the pointer read 
zero-zero (Fig. 36). 
This experiment 
requires the deter- 
mination of the 
ratio M/H at the 
same place for 

each magnet, from which the ratio of the moments is obtained. 
Suppose two magnets, preferably of the same dimension, having 
momenta and are taken for comparison. Place one of the 
magnets, east and west, on one of the arms of the magnetometer (as 
shown in Fig. 36), the centre of the magnet being at a certain 
distance d from the centre of the needle, and read the deflections for 
both ends of the pointer. Turn the magnet so that its north and south 
poles change their places and again read both ends of the pointer. 

Now place the magnet on the other arm of the magnetometer so 
that its centre is at the same distance {d) from the centre of the needle 
and repeat the above four observations. These eight observations may 
be repeated by placing the magnet upside-down in the two above 
places once again. Note the mean deflection 0i of these sixteen read- 
ings. The second magnet is placed so that its centre is kept exactly 
at the same distance with respect to the needle and the above observa- 
tions are repeated. Let 02 be the mean of the sixteen readings. Then 
from formula (6), Art 28, we have. 

Ml d® tan tan j- i. j 1 . 1 . 

— ^ ^ , the distance d being the same in both 

Ma d® tan 0^ tan O 2 

the cases. So, knowing tan 0x and tan 0 b, the moments can be compared. 
Note. — (i) M is directly proportional to tan 0. 

(ii) If I is not very small compared with d, then use formula 
(6^ instead of (6), Art. 28. 

(it) Null Deflection Method , — In the arrangement of •the previous 
experiment place one of the magnets on one of the arms of the magne-^ 
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tometer with its oeatre at a distance from the centre of the needle. 
Place the other magnet on the other arm of the mag- 
netometer in such a way that the needle is brought 
back to its zero position, i e, until the deflection is 
made again zero, the distance being (say) cm. 

Because the value of B is the same, we have 
from formula (6j, Art. 28, 

di® tan B 

ilfg" da® da^* 

From formula (5), Art. 28, the relation becomes, 

^ da 

(da®-ZaV“ di* 

(b) Tangent B Position — (i) The moments 
can be compared also by using the tangent B 
position of Gauss. The 'n9aqnetomete7' is so arranged 
that the arms are in the magnetic meridian and 
the ends of the pointer read zero-zero (Fig. 37). The 
magnet is placed acrms one of the arms, the centre 
of the magnet being placed at a particular distance 
d from the the centre of the needle (as shown in 
Fig. 37). The deflection 0i is noted, and the other 
^magnet is also placed at the same place in the 
^ame way and deflection O 2 is noted. Then from 

formula (8), Art. 28, wo have, 

Ms tan »s 

{ii) Null Deflection Method. — Using the null deflection method as 

M d ® 

^ in case [Art. 30 a (ii)], we have, ‘ ^ 

M 2 d2 

Note. — (i) If long bar-magnets are used, then full formula (i.e. 
5 and 7, Art. 28) must be used in the above two cases, (a) and (b)'. 

(ii) In experiments with the deflection magnetometer, the tangent 
(A) position of Gauss is preferable to the (B) position, as the adjust- 
ments in (A) position can be carried out more accurately and also 
the deflection obtained with any given magnet for a given dis- 
tance is greater. 

(iii) In both the positions [tan (.4) and tan (B)J the bir-magnet 
should always be placed east and west on the arm of the magnetometer. 

31(a). Oscillation Magnetometer. — This instrument (Fig. 38) 
consists of a short magnet M enclosed in a wooden box having glass 
windows. The glass-case prevents air currents from disturbing the 


> 



Fig. 37 — 
The Tangent B 
Position of Gauss 
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osoillation of the magnet. The magnet is held in a double loop held 
by silk support and suspended horizontally from a torsion-head at 
the top of the tube. » 


Before beginning the experiment see that there is no torsion in the 
thread. The magnet is placed in the magnetic meridian and is made 
to oscillate by bringing another magnet at a suitable distance. The 
magnet now oscillates in the earth’s field of intensity, say; H, Take 
the time t for a complete oscillation by means of a stop-watch. It 
can be shown theoretically that the period of oscillation t is 
given by the formula, 

\/ y 

MH’ 



( 1 ) 


Fig. 38 — Osci- 
llation Mag- 
netometer 


whore I -“moment of inertia of the magnet ; il/** mag- 
netic moment of the magnet ; IJ ■“ horizontal compo- 
nent of the earth’s field. We have, 

I ...(3) 

If n be the number of oscillations of ^the magnet in 
a second and t the time for one oscillation, then, 

1 o 1 1 


n 


or w* 




so, 




( 2 ) 


Note. — The constant I in formula (l) is called the moment of 
inertia, which can be determined thus. For a rectangular bar-magnet 
of length a, and breadth 6, oscillating about an axis passing through its 

Centre of gravity and perpendicular to its length, /«m 

where m is the mass of magnet. For a cyclindrical bar- magnet of 

/ p r* \ 

length I and radius r, I ^ m\^ 




(b) Searle*s Magnetometer. — This form of the magnetometer 
^ (Fig. 39), consists of a small cylindrical magnet 

A (about 1'5 cms. long) fixed at the lower end of a 

massive brass cylinder which is suspended by a 
' I I final thread of unspun silk so that the effect of torsion 

I I may be negligible. A long aluminium pointer (about 

■ 10 cms. long) fixed below the magnet enables the 

oscillations to bo observed more easily. The heavy 
. brass cylinder serves to increase the moment of 
M ^ inertia of the system so that the period of vibration 

Magnetometer beeomes large enough to ho accurately measured. 
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32. CompairiBoii of Magnetic Moments of Two Magnets by the 
Oscillation Magnetokneter. — 


Method 1. — We have from 

T 

Mi,H - r-i^, and M^II 


equation (2), Art. 31, 

_ Ml 



So the moments of two magnets can be compared by calculating 
the moments of inertia and finding the time for a complete oscillation 
of each magnet at the same place. 


Method 2. — The disadvantage of the above method is that it 
necessitates the determination of and I 2 which may, however, be 
avoided by causing them to oscillate together as one system by placing 
them in two slots cut in a small wooden block, one above the other 
in the same vertical plane, first with their like poles, and then with 
their unlike poles, pointing in the same direction. In* this way the 
moment of inertia of the whole oscillating sysuom remains the same 
in both the oases. We h^ve, 

ti = 2 ^ + M^)II ; and - M^)U 


__ Ml~ il* 


or 




ta ” t i* 


M, ia*-«i* 


Mi + M , + Ml- Ma =£3“ +<i.“ . 

“ Mi + Ma-Mi + Ma ta*-*!*’ 

But ^ ,30 the above relation can also be written as 
t 


flfi + Wa^ 

M2 Wi'^-TOa“’ 


(3) 


^Examples. — (2) A small magnet oscillates in the earth's field {O' 36 C.Q.S, 
A bar magnet placed end-mi to it and east of it deflects it throv^h 
■60® ; what will be the strength of the resultant field ? [f the rate of oscillation 
in the earth's field was 10 per minute^ what will he the new rate of oscillation ? 

(Pat. im) 


The two fields, one H due to the earth and the other duo the bar-magnet, 
.are acting at right angles to each other (see Fig. 29). Then the resultant field 
i2 is given by + 

Here F-H tan e-O'SGx tan 60®*0-36 x ^3 ; B^ ^ (0 36 x ^8)^ + 

<'0'86)® — (0*86X2)® ; iif = 0*36 x 2*0*72 C. G. S. unit. 


In this field M, the number of oscillations was 10 per minute. HoelO*. 
If n be the number of oscillations in the new field B, B ^ * 

Hence 


H 


lb® 


0*72 n 


"" T?in’ whence w — 10i^2. 


0*86 100 
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(3) An iron bar 100 cms, in length and 1 mm. x i mm* in ssotum, is 
uniformly magnetised and its period of vibration is found to be 5 seconds. It 
is then broken into two equal halves* What will be the period of vibrOHm of 
, each half ? ^ [Pat* IHO} 

We have (Art. 81). ; and 

where is the period of the iron bar and is the period of eaoh half. 

. <8 ^ _ /ioo?.+(oi)»\„, 

•• x * \ — / 

( (50)® + (0'll*\ W 

/ ^ “ 100m ; Af* — 50 m (where m is the pole 

strength). • whence secs. 

5 ^ 1000-01 

(S) Two bar-magnets, the moment of one of which is double that of the 
oth^t but otherwise similar, are arranged parallel one above the other ^ first 
with their like poles in contact and then witli their unlike poles in'contacL 
Find the ratio of the periods of vibration of the corr bination in the same magnetic 
field. (Pat. mi) 

Proceed as in Art. 33 (6). Here ^ ’ 

/t : #8 : : 1 :^/3.' 

• 83. Verification of the Law of Inverse Squares — 

(1) By Method of Oscillation ; Vibration Magnetometer. 

Ezpt. — A magnetic needle, say, a searle s magnetometer (Fig. 39). is 
made to oscillate at a point under tbe action of the earth's field H 
alone. Let n be the number of oscillations per minute. Then, we have, 

... ... ( 1 ) 

Let a long magnet, preferably ball-ended, be placed vertically to the 
north of the needle with its south pole turned towards the north polo 
of the needle. The magnet being long, the north pole of the magnet 
will have very little influence on the deflection on tbe needle and the 
field at the point may be regarded as due to the south pole only. The 
south pole of tbe magnet is to be placed in the same horizontal plane 
as the needle and at a distance (say) from the needle. 

So the needle is oscillated under the joint influence of the field due 
to the magnet and due to the earth's horizontal field 27. Here the 
total field at the point is the snm of the two fields. The magnet being 
long, the effect of the other pole on the needle is neglected. 

Let the number of oscillations under the action of the combined 
field be and let Fi be the field due to the pole of the magnet, then 

(JJ’i+JJ) cc nx* ... ^ ... ... (2) 
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The mafsaet is then moved to a distance from the needle, and 
let Ha be the corresponding number of oscillations per minute. If 
be the field due to the magnet in this position, {P, +H) na‘...(3) 


From (l) and (2), 


Fi + H ni* 

Jr ~ n* ' • 


/4V 

y— g ••• \*/ 


Again, from (1) and (3), 


Prom (4) and (6). ^ - ~l~K. 

But by aotual experiment it will be found that, 



1 

dg 


2 , which provefithe Law of Inverse Sqs. 


[Note : — If the magnet had been placed north of the needle with 
its AT-pole turned towards ^-pole of the needle, the field at the place- 
would have opposed the earth’s field, t.e. the total field would have' 
been F^. - H, instead dl Pi + II, assuming Pi to be greater]. 


(2) By Coulomb’s Torsion Balance. — It 

glass case O (Pig. 40), graduated in degrees 
along its middle, having a co-axial glass-tube 
slktached at the middle of its top. The tube 
is provided with a screw-head P by which any 
rotation can he given to the magnet AB, 
which is suspended from it by means of a 
fine silver thread. The rotation of the mag- 
met is read from the scale on the glass case, 
and that of the screw-head, from a scale 
provided at the top of the tube. Through a 
slot on the top of the case another mag- 
net C is introduced vertically so that its 
lower end is in level with the suspended 
magnet. 

On removing C, the top-screw P is rota- 
ted until the magnet is brought to the mag- 
netic meridian. Prom this position, the top- 
screw is slowly turned until the magnet is 
deflected through one degree. The controlling 


consists of a cylindrical 



Fig. 40 


force of the earth as a magnet is thus determined in terms of the* 
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iiorsional couple in the wire. Suppose 0** rotation of the screw-head 
'Corresponds to rotation of the magnet against the earth’s field. 


Bring the suspended magnet back into the meifidian by rotating 
the screw-head in the opposite way. Next introduce the similar pole of 
the magnet G such that it is just in level with the magnet AB. 
Suppose, thereby, that the magnet AB deflects through which equals 
(kg in terms of torsional couple. Now rotate the screw- head in 
the opposite direction until the deflection becomes one half, ix. <l2. 
If the necessary rotation of the screw-head be i^, the torsional equivalent 


of it will be 




Now it may be supposed that for 


small rotations, < is proportional to the distance between the two 

* P T T 

'Poles. From the experiment it will be found that 2 ^ ^ 

o 

when the angular separation, i.e, the distance between the poles, is 
made half. This proves the inverse sq. law. The effect of the distant 
poles being small is neglected in this experiment. 


(3) Graphical Method. — A bar magnet N8 is placed on a sheet of 
paper fixed on a drawing board, and its outline is drawn by a pencil. Let 
N and S be the positions of north and south poles respectively of the 
bar-magnet (Fig. 4lJ. A compass needle is now placed with its centre 

at a point P in the field due to the 
magnet. In this position the needle 
is acted on by two opposite couples — 
one, due to the earth’s field acting 
parallel to the magnetic meridian, and 
the other due to the bar magnet. 
The board is now turned until the 
needle becomes parallel to the mag- 
netic meridian (the direction of which 

^ should be determined in the beginning 

S[^ - by stretching a thread between two 

vertical pins fixed outside the 
Fig. 41— Graphical Method board). In this position the couple 
due to the earth’s field vanishes and the direction of the needle, say, 
PK indicates the direction of the resultant of the two magnetic forces 
due to the two poles. Join NP and SP, and produce NP to A, 



We know that if a unit north pole be placed at P, and if m be the 
ipole strength of the magnet, then, by the law of inverse squares, the 
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force of repulsion ^mlNP^. This force acts in the direction NP. 
Again, the force of attraction F%^*in!SP^. This force acts along PS. 

Ft^jn , v 

^ " >a NP^ SP^ xVP®’ 

Take any point K on the resultant, and draw KA and KB parallel 


and 

NA 

respectively. Then, 

P^, 

Fr 

^PA 

. ui /.|\ Pi PA 

.. Fromd), 

_SP* 

F, 

"PB' 

“~NP‘ 


This can be verified by actually measuring the distance NP, SP; 

jp SfP® d ® 

and Pi4, PS. So it is proved that „*"iFnT”j *2 (if NP-di and 

r 2 iN'i' Oi 

SP^dg). Thus 7 ' 1 : Pg = , \ Prove this for other pointa 

(ix , 

also in the field of the magnet. 


This proves the Law of Jnverse Squares. 

(4) Deflection Magnetometer Method. — It has been proved 
in Art. 26 that* the field Pi due to a small magnet in the “end-on” 
position is twice the fi^ald Pg due to the same magnet in the “broad 
side-on” position at the same distance, and this result was obtained 
by assuming the truth of the law of Inverse Squares for a magnetic 
pole. 

^ Now place a magnet in the “end-on” position in a magnetometer 
experiment and let 0 i be the mean of the sixteen readings as taken in 
Art. 30. Place the same magnet in the “broad side-on” position, and 
let 02 be the mean of the sixteen readings now. 


We have, 


Pi 



M 


when d is large compared to the- 


length of the magnet ; 



2 
I ■ 


Again, Pi *77 tan 0 i ; F^—Il tan 02 ; 


tan 01 ^ Pi ^2 
tan 02 Pg i" 


So, if it can be proved experimentally that tan 0i and tan 0s are 
in the ratio of 2 to 1, then the Law of Inverse Squares is proved. 

84. Compgrison of the. Earth's Fields at Two Places. — 

(i) By the Deflection Magnetometer. — Use a deflection magneto- 
meteTiiSay, at the Tangent A position and note the deflection B± with 
the centre of a bar-magnet , placed at a di^tanbe d. Again, let 02 be the 
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•defleotion with the same magnet placed in the same way in another 
place. If and denote the field strengths of the earth at the two 
places, we have from eq. (6), Art. 28, 


//i- 


2af ^ 1 

d® tan 9i 




2M ^ 1 

d® ‘ tan 02 


Since the same magnet is used in the two places in the same 


way, M and d remain the same. Hence, 


Jaw 9a 
tan 9x 


[Note. — 77 is inversely proportional to tan 9l. 


(ii) By the OscillatioD Magnetometer. — By noting the number 
of oscillations ni of the needle in a given time at a place where the 
•earth’s field is J7i, and also noting the corresponding values Ha and 77g 
at the second place, we have from Art. 31, 

77i«Wi®,and Ha“W2® ; 

iig Wg 

Again, if be the time of one complete oscillation in a field of 


jj ^ 9 ^ 

intensity 77i, and t^ that in Hai we have, -- " 7 ®g.* 

Hg tx* 

36. (a) Comparison of Pole Strengths of Two long Magnets 
'by the Oscillation Magnetometer. — From eq. (4), Art. 33, we get, 



If mx be the pole strength of a long magnet, d the distance of the 
long magnet from the oscillating needle, Fx^^l- Hence 

n n\ ® mi 1 

mx^d^H 2 • strength mx may, therefore, be known if 

n 

H be known. Again, repeating the above experiment for another long 
magnet of pole strength mg, keeping it in the same position and at equal 

n ® ^ n ® 

distance d, we have, mg ^d^H * - if ng be the number of oscil- 

n 


lations per minute now. Therefore, 


mx ^ ni® -n® 
mg ng*-n®‘ 


(b) Determination of Pole Strength of a Magnet. — By using 
-any method to determine M/H, M will be known when H is known, 
from which the pole strength m of a magnet can be calculated by the 
:relation M * 2mZ, where 2Z is the length between the two poles. 
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Examples.— (i) Two magwts A and B are caused to oscillate in the same m'tg- 
■vetic field. A performs l6 vibrations per minute and B tO vibrations per minute. 
The magnet A is then caused to oscillate in one magnetic field and B in another : A 
now performs 5 vibrations per minute and B 20 vibratioris per minute. Compare the 
Antensities of the fields in which A and B now oscillate, and compare also the magne^ 
tic'moments of the magnets. {Pat. 1931] 


Let the intensity of the first field in which both A and B oscillate be 
the intensity of the second field in which only A oscillates be -f/g, and that in 
which only B oscillates be ; then for A, and 


. S’*. 

■ ■ 15* 

. 20 * 

'• 10 ® 


4 (see Art. 31). Similarly for Bj 10* ; and -f^3“=20®, 


//a Ih 


Hi 


; or, Hj : Hg : 1 ; 86. 


That is, the intensity oT the second field where B oscillates is 36 times as 
great as that where A oscillates a second time. 


The formula for the vibrating magnet A is given by 



( 1 ). 


where is the time for one ^complete vibration, the magnetic moment 
and H the field in which A and B oscillate. 


Similarly, for magnQ:t 





assuming the magnets to have the same moment of inertia. 


( 2 ) 


From (1) and (2), ^ = 

ti* 


n#- 


, where and ore the number of vibra- 


tions performed in one minute by A and B respectively, «= 


"*2. A small magnet vibrating horizontally in the earth's field makes 4 vibrations 
in 26 seconds, arid when another magnet is brought near i/, it makes 5 vibration^ in 
16 seconds. Compare the intensity of the field due to the magnet ^oith th^ earth's 
i. horizontal field, (i) when the two fields are in the same direction, and (iij when they 
are in opposite directions. 


Let Hi be the earth’s field, and Hg the resultant field. 

4 1 

Here the number of vibrationa per second in the field = iSi 4 » 
and the number of vibrations per second in Hg^S/lB. 


We have and H, «= n**- 


25 


16x16' 


"'Hi 


MX 16 M 
'I6xl6“l6' 


(i) When both the fields are in the same direction, the field due to the 

, „ „ . H2-Hi_26-I6 _ 9 

magnet only* Hg —Hi. Wehave^“Yfi! •• — — 1ft — 7ft’ 


16 
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(a) When the fields are in opposice directions, the field due to the magnet 
. ^^2 + ^ 1 . 25 + 16^41 

+ 16 16' 


3. A compass needle makes 10 vibrations in 9 seconds in the ^earth's field alone' 
It makes 10 vibrations in 12 seconds token a bar-magnet is placed near'it and fi^lly 
comes to rest in the same direction as before. What will he the period of oscillation of 
the needle when the bar-magnet is reversed ? 

Let ^ be the field due to the earth and F that due to the magnet. 


Wc know from Art. 31 that the intensity of the field in which the- 
needle vibrates is proportional to the square of the number of oscillations per 
second. So the intensity of the second field which is the resultant of the two 
fields is loss than the first as the number of oscillations per second diminishes, 
and because the needle comes to rest in the same direction as before F>F^ 
So, the resultant field, (i§)* ; ai^d (-^)® ; 


ff 16 ' 


or F 



in the second case, the intensity of the resultartt field = (H^+J^. 


H+F 

• H 




or, 


H 




1,2 ; or 71 = 1*38. 


If t be the period of oscillation, we have second. 


36. Determination of the Earth’s Magnetic Field (H) and of th& 
Magnetic Magnet (M) of a Magnet in Absolute Measure.— The 

measurement of the moment of a magnet, or the strength of any fields 
in terms of the units of these quantities, is called an absolute measure-''* 
meat, and is quite different from measurements of the comparative 
kind as done in the above articles, where it has been determined 
how many times magnetic moment of one magnet, or strength of one 
field, was greater than another. 

(i) Using a deflection magnetometer, an equation for M/II is 
obtained by formula (6), or (8), of Art. 28. Then Ml 11 = a (say). 

Again, by determining the moment of inerita Z”, and the period of 
vibration t of the same magnet at the same place by using tho 
oscillation method, a value for MH is obtained from Art.^31. 

Let 6. No\^ to find 71, divide 6 by a, i e. = = bla^ 



^(ii) ,To find M, multiply a and b : i.e. MIH>^ MH"* =ab 
.’.s M- ^/ab^ 
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[M can also be determined by means of neutral points (See Art., 27)1 

Note. — The pole strength m of the magnet may be found by deter- 
mining M as above, and by knowing the length 2Z of the magnet, 

Questions 

Art. 21. 

1. Describe the behaviour of a freely suspended magnet in a uniform 

magnetic held after it is disturbed from its position of rest. (Pat. 1983) 

2. What is meant by uniforiq magnetic held ? Explain why a magnetic 

needle does not tend to move bodily along the lines of force in a uniform 
magnetic field. (G.*U. 1923 ; cf. All. ’30) 

Art. 22. 

3. What is meant by the statement that the strengith of a magnetic 
pole is W units ? How would you show experimentally that the two poles of 
a bar-magnet arc of equal strength ? 

[See also Art. 20] 

Art. 23. 

4. Define. the term ; Moment of a magnet. 

(Gtkal 1948 ; Pat. 1930 ; All. ’46) 
How would you calculate the moment and the intensity of magnetisation 
in a horse-shoe magnet ? (Pat. 1930) 

5. Define the magnetic moment of a magnet. Find an expression for the 

•noment oi the couple acting on a magnet placed in the earth’s horizontal 
magnetic field when it is defiected through an angle 0 from the magnetic 
meridian. (C. U. 1932) 

6. A magnet placed at an angle of 30® with a uniform field of intensity 
0*32 experiences a couple whose moment is 8 ; calculate the magnetic moment 
of the magnet and, the length of the magnet being 5 crus., calculate also its 
pole-strength. 

[Ans : Moment of magnet = 50. Pole-strength = 10]. 

Art. 24 

7. State and prove the law of tangents. How would you verify them 

experimentally ? (Pat. 1936) 

(For verification see Art. 33(4)]. 

Art. 25. 

8. What do you understand by intensity of magnetisation '? 

(Pat. 1943 ; All. *44) 

Arts. 26 & 27. 

9. Prove that the magnetic force due to a short magnet at great distances 
compared with its length varies inversely as the cube of the distance for points 

16 (II) 
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along the direction of its axis, or in the plane through the centre of the magnet 
perpendicular to its axis. How would you verify these results experimentally ? 

(Pat. 1921, ’23) 


[Hints .—For verification place a magnet at two dijg^erent distances 
and d 2 from the centre of a magnetometer needle. Let and be the 

f „ 2Af . Fi da® 

corresponding forces, then ; Fg — 

dg a 


^ . Fi H tan tan 0^ 

Fa ^ tan 0^ tan 02 

ding to Fi and Fg. 


; where 0^ and 02 are defiections correspon- 


It will be actually 


found that 


tan 0-1 
tan 02 


rfa® 

di*- 


This verifies the law.] 


10. Find the strength of the field due to a bar-magnet at a point on the 
line bisecting the magnet at right angles. 

* (U. P. B. 1943 ; P. U. 1918 : Bom. U. 1928 : Pat. 1944) 


Describe and explain the behaviour of a small compass needle placed at 
that point, if the bar-magnet is placed with its north pole pointing due east. 

(Pat. 1911) 

[For the first part see Art. 26 (ii). For the second part see Art. 28 (ii).] 


11. A short bar-magnet is placed in the magnetic meridian with its north 
pole pointing south. The neutral point is 24 cms. north of the south pole 
of the magnet, and upon the prolongation of its axis. Find the intensity of 
the field at a point on this axis 20 cms. from the south pole and north of it. 
(H-0-18) (Pat. 1929) 


[Hints.— At the neutral point, F^H, But F=2Ml24:’'^ [Art. 26 (i)]. 

77-"0'18 : or, M= ^“^^2 intensity of the field (due to 

the magnet only) at a distance of 20 cms. from the south pole of the magnet of 
2M 2 X 0'18 X 24® 

moment 208* 21^20® 31 gauss. So, the resultant intensity 

‘(due to the earth and the magnet) ■■ 0*3 1 — 0'18 = 0'13 G.G.S. units (Here the 
earth’s field is opposite to that of the magnet).] 


12. AB is a thin magnet 20 cms. long, the strength of each of its poles 
being 12 units. Upon AB as base an equilateral triangle is constructed. 
Find the magnitude and direction of the force that a unit pole would experi- 
ence, if it' were placed at C ; also the force upon the magnet caused by the 
unit pole at C. (Pat. 1981) 

[An8 : 0’08 gauss] 

18. A thin magnet of 20 cms. length with its north pole pointing south 
just balances the earth’s field (magnitude 0*2 G. G. S. unit) in its plane at 
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distance of 20 ccqs* from its pole. Find its magnetic moment and pole 
strength, (Pat. 1984) 

[An8 : Jlf— 2183'3 units ; m — 106'0 units.] 

« 

14. A magnet whose poles are 12 cms. apart is placed in the magnetic 

meridian. The field due to this magnet counterbalances the earth’s horizontal 
field (0‘85 C. G. S. unit) at a point 10 cms. from each pole. Find the pole 
strength of the magnet. (Pat. 1044) 

[Ana : 29*17 units] 

15. A bar-magnet, having poles 10 cms. apart, is placed in the magnetic 
meridian with the north pole pointing south. The neutral point is at a distance 
of 20 cms. from the nearer pole. Find the intensity of the resultant field at 
a point on the perpendicular bisector of the axis of the magnet and at a 
distance of 10 cms. from the centre of the magnet, [h =■ 0*4 gauss.] 

[Ans : 2*46 gauss. (Note that H should be added)] (Pat. 1946) 

Art. 28. 

• 

16. What is meant by the tangent positions of Gauss ? Explain how, in 
one of these positions, the relation between the movement of a bar-magnet 
HtRd the horizontal couiponenti^of the eartii’s magnacic field is obtained. 

(Pat. 1988) 

Art. 30. 

17. Define Magnetic, moment. 

In an experiment with a magnetometer a small magnet A produces a 
deflection of 30” when it is placed at a distance of 40 cms. from the centre 
of the magnetometer needle in the tangent A position of Gauss ; another 
small magnet B produces a deflection of 20” when it is in the tangent B 
position of Gauss, and at a distance of 30 cms. Compare the moments of 
the two magnets. (Pat. 1927) 

[Ana : 1*17 nearly] 

18. Define the magnetic moment of a magnets Describe how you, would 
compare the magnetic moments of two magnets. (C. U. 1944 ; Dac. 1948 ; 

Pat. '48, 45 ; All. ’44) 

18(a). Describe some form of magnetometer, and explain how you 
could use it to compare the magnetic moments of two bar magnets. (Pat. ’47) 

Art. 31. 

19. Describe an oscillation magnetometer, and explain its uses. 

(All. 1987, ’82 ; Pat. 1940, ’45) 

* 20. A compass needle makes 10 oscillations per minute in the earth’s 
field alone, and 20 oscillations per minute when the north pole of a long bar- 
magnet is placed to the south of the needle in the same level with it and at 
a distance of 4 inches from it. The distance of the magnet is then reduced 
to 3 inches. How many oscillations per minute will the needle now make ? 

[Ana : 26*18] 
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21. A cbmjla&H needle makes 80 oscillations per minute in the earth 

held. ^ When a bar-magnet is placed near it so as not to alter the direction of 
the needle, it makes 40 oscillations in one minute. How many times will 
the needle oscillate per minute if the magnet is reversed ? (Fat, 1944^ 

\_An8 : 10 js/ 2 ] 

22. A small magnetic needle, suspended by means of a silk-fibre, makes 
20 oscillations per minute in the earth’s field. When a bar-magnet is placed 
in the magnetic meridian near the needle, the number of oscillations is 
increased to 25 per minute. If the bar-iiiagnet be reversed and replaced in 
its former position, how many oscillations will the needle make per minute ? 

[Ans: Jjjl] (Pat. 1947) 

Art. 33. 

23. How would you prove the law of inverse squares for magnetic 
forces ; given (a) a magnetised rod of steel about a metre long, (6) a small 
suspended magnetic needle, (c) a measuring rod, and (d) a stop watch. 

[C. U. 1910 ; Cf. Pat. 1918, ’44) 

24. How would you prove experimentally that the force of atti action or 

repulsion between two magnetic poles varies ‘tiversely as the square of thff 
distance between them ? (C. U. 1934, ’37 ; Pat, ’48) 

Art. 34. 

25. Explain the method of comparing the intensities of magnetic fields 
by the observations of the times of oscillation of a magnetic needle. 

(All. 1927, ’32 ; Pat. 1929) 

26. Describe some form of deflection magnetometer and explain how yt)U 
would use it to compare the earth’s horizontal field at two places. (Pat. 1942) 
Art. 36. 

27. Describe a method of measuring the moment of a magnet. (All. 1932) 

28. How is the horizontal component of the earth’s magnetic field at any 

place determined in absolute measure ? (Pat. 1941) 

29. How would you determine the horizontal intensity in your laboratory 

with the help of a deflection magnetometer and a suspension arrangement.' 
Give a complete theory. (Pat. 1944) 

30. A bar-magnet has a pole-strength of 50 units, and the distance 

between its poles is 10 cms. Mention and describe any method you would 
use to verify the value of the pole -strength. (C. U. 1949) 

[Hints .—Use either the method of neutral points (Art. 27(i)] or tho 
method described in Art. 36 to determine the moment of the magnet and see 
if it comes out to be equal to 60 X 50 i.e, 500 units or not.] 



CHAPTER IV 

Terrestrial Magnetism 


37. The Magnetic Field of the Earth. — A compass needle, or a 
magnet suspended horizontally at its centre of gravity, invariably sets 
in a particular direction witli its magnetic axis approximately north 
and south. This indicates the existence of a magnetic field on the 
surface of the earth. 

If a compass needle, which is suspended perfectly freely at its centre 
of gravity, is taken from one polo of the earth towards the other, it will 
be found that the angle between the horizontal and the magnetic axis 
of this needle, i.e. the angle of inclination, will change from place to place 



Fig. 42 — Earth as a Magnet 

on the surface of the earth showing that the direction of the resultant 
magnetic intensity is different at different places on the earth's surface. 
This angle of inclination, which is also known as the ''angle of dip'*. 
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is zero near the equator and 90° at two places, one of which is near 
Boothia Felix (in Canada about 1000 miles from north geographical 
pole) in longitude 96° W. and latitude 70°76 N., and the other is in 
the southern hemisphere near South Victoria Land in longitude 156°Er 
and latitude 73°S. These two points on the earth’s surface are, there- 
fore, called the magnetic poles of the earth. They are not the same 
as the geographical poles. The angle between the two lines, one 
joining the two magnetic poles and the other the two geographical 
poles, i.e. the angle between the magnetic axis and the geographical 
axis, is about 17°. It will be seen in Fig. 42 that the needle is parallel 
to the earth’s surface near the equator, where the angle of inclination 
is zero, and is vertical at the two magnetic poles, where the angle of 
inclination is 90^, The line joining the points where the angle of 
inclination is zero is called the magnetic equator. 

The earth t)ehav6S like a magnet, but upto the present no satis- 
factory explanation has been put forward as to the cause of the earth’s 
magnetism. The magnetic behaviour of tha earth, however, can be^ 
explained to a certain extent by considering an imaginary short 
magnet placed at the centre of the earth along its ma({netic axis, though 
we do not believe that there is any actual magnet there, and also the 
temperature of the centre of the earth is too high for this to be the actual 
fact. By the law of attraction and repulsion it is supposed that the 
northern regions of the earth possess south polarity and the 
southern regions north polarity. The actual cause of the earth's 
magnetism may be due to electric currents in the earth or in th^ 
upper layers of the atmosphere, or it may be connected in some way 
with the sun. But these may again be only mere conjectures. 

38. Magnetic Elements. — In order to specify completely the 
magnetic field of the earth at any place the following three qualities 
are usually chosen : (l) the Declination or Variation ; (2) the ' 
Inclination or Dip ; and (3) the Horizontal Intensity. They are 
chosen, for they lend themselves most readily to experimental deter- 
mination. They are called the magnetic elements of the earth at a 
place. 

(1) Declination (or Variation). — It is the angle which the magnetic 
meridian at a given place makes with the geographical meridian. 

The geographical meridian is taken, by convention, as the plane 
of reference. The angle which the magnetic meridian makes with 
respect to this plane is a measure of the declination of the place. If 
g is the declination at a place, it is expressed as or 9°W, depending 
on whether the magnetic meridian, on the north of the places is to the^ 
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east or to the west of the geographical meridian. Declination at Delhi 
2*’E means that the N'-pole of a horizontal compass needle will point 
2^E of the geographical north-and-south direction. 

- (2) Dip (or Inclination). — The dip or inclination at a place is the 

angle which the earth's resultant magnetic intensity there makes with the 
horizontal direction. 

In Fig. 43, the rasuUaat intensity 7 at the place B makes an 
angle d with the horizontal direotion BD there. So it is the dip at 
the place It will be north or south according as the place B is in 
the Northern or the Southern hemisphere. For, a perfectly freely 
suspended needle at B would not in general set in the horizontal 
direction BD but along the direction BB of the resultant magnetic 
intensity /, where the plane BDG represents the magnetic meridian at 
the place B. Its A^-pole will dip downwards if the place B is in the 
Northern hemisphere and its S-pole will dip downwards if the place 
is in the Southern hemisphere. The dip at Delhi is 40^N means that 
a dip-needle will be inclined to be horizontal at 40'’ with its iV-pole 
dipping downwards at Delfii. 

(3) Horizontal Intensity. — It is the resolved part of the earth's 
resultant intensity a place in the horizontal direction in the mag- 
netic meridian. 

Vertical Intensity. — It is the resolved part of the earth’s resultant 
intensity at a place in the vertical direction. 

•88 (a). Resultant Intensity and its Components. — 

In Fig. 43, the plane ABC represents the geo- 
graphical meridian and DBG the magnetic meridian. 

Let BB represent, in direction and magnitude, the 
total magnetic intensity 7 at a place B, and BE 
and BP' represent the horizontal and vertical 
components of I in magnitude and direction. 

The horizontal component 77 “I cos <5 and the 
vertical component F“7 sin <5, where 7 is the 
resultant force and d the angle of dip. Thus, we 
have, 77* - 1* cos*5. and F» - 1* sin^d. Fig. 48 

77* + F® “ I^icos^d + sw*d) — r or I ^ «s/i7* + F* (1) 

* , V I sin d ^ 

And, — - r (2) 

H I cos d ' ' 

39. The Directive Couple of the Earth. — The action of the 
earth’s field on other magnets is simply directive. This can be shown 
experimentally, as in Art- 22, by fixing a magnet on a cork and float- 
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ing it on water contained in a large vessel. It will be noticed that the , 
cork turns round until the needle is in the magnetic meridian. There 
is no tendency of the magnet to move bodily towards the side of the 
vessel. Therefore the earth's horizontal force which is acting on the 
magnet is directive only. 

This action of the earth is unlike the action exhibited by other 
magnets. This may be explained by the fact that the magnetic poles 
of the earth being at very great distances from the poles of the magnet 
(as the size of the earth is very large in comparison with that of the 
magnet j, the distances of both poles of the magnet from either pole of 
the earth may be considered to be equal. In other words, the resultant 
forces acting on the two poles of the magnet are equal and opposite* 
and hence form a couple directing the magnet to the magnetic meridian. 

40. Determination of the Magnetic Meridian. — (1) By a Bar- 
Magnet. — A bdr-magnet is suspended horizontally over a table by a 
silk loop and unspun silk fibres (Fig. 44). A ^hort piece of fine .wire is 
attached by wax at the middle of each end of^the magnet so that the ^ 
wires are quite vertical in this suspended position of the magnet. 

When the magnet is at 
rest, two* brass pins A, A' 
are fixed vertically on 
the table against the two 
ends so that the pins and 
the two fine wires appear 
to be in the same straight 
line. The magnet is then 
turned upside down in 
the same loop, and two 
more pins JB, H are fixed 
in the same way. In both 
the cases, the magnetic axis of the magnet lies in the magnetic 
meridian. In all probability the line joining the fine wires at the 
ends of the magnet does not lie on the magnetic axis. In that case, 
in both positions of the magnet, this line must be equally inclined to 
the magnetic axis. Therefore the straight line bisecting the angle 
between the lines AA' and BB^ represents the magnetic meridian. 

It should be remembered that, strictly speaking, the magnetic 
meridian at a given point is not a line of definite direction, but an 
imaginary vertical plane passing through the magnetic axis of a freely 
suspended magnet placed at the point of observation, i.e. it is the 
imaginary vertical plane through the above bisecting line which givea 
the magnetic meridian at the place. 



Fig. 44 — Determination of Magnetic 
Meridian 
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Magnetic Axis of the Magnet. — To determine the magnetio axis 
of the magnet, it is again suspended in the same loop and allowed to 
come to rest. A line is then drawn on the face of the magnet in the 
same vertical plane as the straight line representing the magnetio. 
meridian. This line on the face of the magnet indicates the direction 
of the magnetic axis. 

(2) By a Magnetised Steel Disc. — The above method applies 
both to symmetrical and unsym metrical magnets. If a magnet has 
consequent poles, or is otherwise irregularly magnetised, the resultant 
poles of the magnet may be far out of the centre line of the bar, as 
assumed in the case of symmetrical magnets. 

The same method of finding the direction of the magnetic axis is 
also applied in the case of a magnetised steel disc. Mark one of the dia- 
meters of the disc as a reference line and suspend it in a suitable carrier. 
Draw a line on a sheet of paper attached to the table just below the 
disc exactly under the reference line when the dise comes to rest. Now 
invert tjie disc and draw a second line as before. The lino bisecting 
. ^he angle between the two ^nes is the magnetic meridian line, and a 
line drawn on the disc exactly over the meridian line is the magnetic 
axis of the disc. 

N. B. It should be noted that the same method can be applied 
for the determination 61 magnetic meridian or, magnetic axis, oven if 
the bar-magnet, or the magnetised disc, be enclosed in a wooden box. 

% 1 . Determination of the Declination of a Place. — To determine 
the declination at any place it is necessary to determine both the 
geographical and magnetic meridians at the place. The determination 
of the magnetic meridian has been explained in Art. 40. The deter- 
mination of the fjeographical meridian involves careful astronomical 
observations, but a simple method of doing this is as follows : — 

Expt. — Fix a straight rod about one foot Jong vertically on 
a level ground where the sun can shine. Observe the length of the 
shadow about an hour or two before noon. Describe a circle round 
the rod with the rod as centre and the length of the shadow as radius. 
Mark the direction of the shadow again in the afternoon when the 
shadow is of the same length, and touches the circle. The line bisect- 
ing the angle between these two marked directions of the shadows 
is the true north and south line, and the angle between this line and 
the magnetio meridian line gives the declioation of the place. 

It should be noted that for all places the magnetic and geographi- 
cal meridians are nearly coincident. 

^42. The Dip at a Place. — If a magnetic needle be freely suspen- 
ded at its centre of gravity by a silk fibre, the angle which the 
magnetio axis of the needle makes with the horizontal line passing 
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through its point of support measures the inclination or dip 
at a given place. The direction taken up by the magnetic axis o-f the 
needle represents the direction of the total magnetic intensity of the 
earth at the place. » 

A magnetic needle which is perfectly freely suspended at its centre 
of gravity will no doubt show the dip at a place, but the practical 
difficulty with such a device is with regard to the mechanical support 
which must influence the angle at which the needle will set. If, how- 
ever, the needle is mounted on an axle (passing through the G. 
of the needle) resting on horizontal knife-edges, it will rotate in the 
vertical plane, and if this plane is made to coincide with the magnetic 
meridian at the place, the inclination of the needle to the horizontal 
will give the dip. Such a needle is called a dip-needle. 

Measurement of Dip. — The dip at any place is determined by means 
of an instrument called the Dip-circle (Fig. 45). The dip-circle con- 
sists of a magnetic needle AB mounted on an axle which rests horizon- 
tally on two agate knife edges and can rotate in the plane ’ of the 
vertical circle S, which is graduated in degrees, 0° - 0° being on the*^ 
horizontal line and 90" 90" on the vertical line. The needle and the 

scale are enclosed in a glass case, which can be rotated about a verti- 
cal axis, tbe angle of rotation being indicated by a pointer M moving 
on a horizontal graduated circle P. The instrument is supported by 
three levelling screws, and the levelling can be done by the help of a 
spirit level fixed on the base (not shown in the figure). 

In determining the dip, the instrument is first levelled ai^ 
the case is then turned until the needle is vertical, i.e, points to 9^ 

on the vertical scale. In this position 
the needle is acted on only by the 
vertical component of the earth’s 
field, and so the plane of the needle 
must be at right angles to tbe magne- * 
tic meridian. The position of the 
pointer E on the horizontal scale ia 
noted, and the case is rotated through 
90" from this position. The plane of 
tbe vertical circle is now in the mag- 
netic meridian and the needle points 
along the. direction of the earth's 
resultant magnetic field. The angle 
{read on the vertical scale) which the 
axis of the needle makes with the hori- 
zontal line (zero degree line) gives the 
value of dip at the place. 9 
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Errors In a Dip-circle. — The readings obtained as explained abovo 
may not be accurate, as allowances must be made for the following, 
errors : — 



(1) Error of Eccentricity. — The axis of rotation of the needle 
may not pass through the centre of the vertical scale. To correct for 
this error, the readings of both ends of the needle are to be taken 
[Fig. 46 a, (i)]. 

(2) . Error of Zero-Zero Line. — The Zero-Zero line of the vertical 
scale may not be truly horizontal. To eliminate this error, turn the case 
through 180^ and again read both ends of the needle [Fig. 45 a, (ii)]. 

(3) Error of Magnetic Axis. — The magnetic axis of the needle 
may not coincide with its geometrical axis. To correct for this error, 
reverse the needle on f^s bearings and repeat observations (l) and (2) 
[Fig. 45 a. (iiij]. 

(4) Error of Centre of Gravity. — The axis of rotation may not 
pass through the centre of gravity of the needle ; so a small couple 
due to gravity may cause the needle to turn from its position of true 
dip. To correct for this error, remagnetise the needle in the opposite 
direction to the same strength, so that the end which dipped previ- 
ously now turns upwards, and repeat the above eight observations. 

The mean of the above sixteen readings gives the true dip. , In a 
properly constructed instrument, the individual readings should not 
differ by more than a degree from the mean. 


The following are the magnetic declinations, inclinations and hori- 
zontal intensities at different places. 


Place 

Declination 

Inclination 
or Dip 

Horizontal 

Intensity 

H (C. G. S.) 

Bombay 

0'’4l'j5,’ 

24'2l'j\r 

0*3648 

Calcutta 

0*88'E 

80'‘69'N 

0-8726 

Madras 

i 0’10'W 

84*87'2yr 

0-8690 

Delhi 

2’02'£ 

40"66'17 

0-8400 

Paris 

t 18'’8lV 

64*40'27 

0-1972 ' 

Greenwich 

14’18'Tr 

66"64'27 

01860 

New York 

1 10*14'W 

72*18'jr 

1 0'1822 
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42(a). Changes in the Values of the Magnetic Elemenfs.— The 

•magnetic field of the earth at any place is not constant but is subject 
to changes which may be classified as follows : 


(1) Secular change.— The magnetic elements undergo a gradual 
cycle of changes which extend over a long interval after which they 
return to their original values. These changes are relatively large and 
take place steadily. 


(2) Annual change . — Such changes are periodic and the value of an 
•element varies gradually between a maximum value and a minimum 
value in course of a year. As an example, suppose the declination at 
a place attains the maximum value in February and the minimum 
value in August every year. 

(3) Daily change . — A periodic change extending over 24 hours in 
the value of an element is also noticed. An element reaches the 
maximum value at some hour of the day and the minimum value at 
some other hour, characteristic of the element. 

(4) Magnetic Storms. — It has been found that during volcanic 
eruptions, display of Aurora Borealis, appearance of* sun-spots, etc., 
sudden and violent changes occur in the indications of recording ins- 
truments measuring the magnetic elements. These are said to bo 
duo to magnetic storms. They are obviously non-periodic. 

'Example.— T/itf valm of the angle of dip at a place {A) is 45“ and the total force 
of the earth's magnetism is 0'530 gauss. At another place (B), the dip is and the 
total force is O' 62 gauss. At which place will a compass needle oscillate mor€ 
rapidly ? 


The horizontal component of the earth’s field cos 5. 

At A, 7- 0*663 ; 5 = 45® ; 77- 77a ; ' • H„ - 0*536 x cos 45® 

At/?, 7=0*62; 5-60® ; 77= 776 ; 

776 = 0'62 X cos 60® — 0’62 x J — 0'31 gauss. 


— 0‘536 X = 0*379 gauss. 


Now, i.e. in a stronger field the number of oscillations of the needle 

per unit time will be greater, and hence the time for one oscillation (0 will be 
smaller, or, in other words, the needle will vibrate more rapidly. 


Here Ha is stronger than 77^ , go the needle will vibrate more rapidly at A, 

4S. Determination of the Angle of Dip without bringing the 
needle into the Magnetic Meridian. — The angle of dip can be deter- 
mined by observing the apparent angles of dip taken in any two 
vertical planes at right angles to each other. 
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Let be the apparent angle of dip, i,e, the angle of inclination of. 


the magnetic axis with the horizontal, in a 
plane OA making an angle Ox with the 
magnetic meridian OK, and ^2 be the appa- 
rent angle of dip in another plane OB at 
right angles to the plane OA (Fig. 46). Let ^ 

V and H be the vertical and horizontal ® \y 

components of the earth’s field. The ^^2 

components of H along OA is H cos Ox and \ 

along OB is H cos ds. The vertical com- \ 

ponent V is the same for both the planes. ^ B 

So, we have [see Art. 38(a) I, 

Fig. 46 


“ II cos 0,* °II cL e,- 


= sin 0% 


•4 


cot dx = 


_// cos Ox 


; cot ^ 2 ' 


II sin O x 
’ V ~~ 


Or, cdt^^i +cot“(52 




F® ,F®’ 

But, if d be the true dip in the plane of the magnetic meridian,. 

H 


i.e. in the plane OK, cot 3- 


F‘ 


COt®r'^ = 


IP 

„2 “ cot®<5i + cot®(5a. 


Thus, knowing and ^2 in any two planes at right angles to each 
other, the true dip d can be calculated. 


Example . — In an experiment for fielding the value of dip at a place, it is Observed 
that apparent dip in one plane is 30° and that %n a plane at right angles to the first 
plane %s 20°. Calculate the true dip at the place. (Pat. 1927)^ 

If 5 be the true dip, cot®5 = cot®^i + cot‘'*52 

= cot®20® + cot*30"= (274)® + (173)® = 7’5076 + 2’9929 = 10*5005 

/. cot 5 = \/l0'5005 = 3‘24. 

Reference to a table of natural cotangents will show that the angle whose- 
contangent is 3*24 is 17®12^ nearly. True dip = 17'*12' nearly. 


44. Magnetic Maps. — The values of magnetic elements of different 
places are different, and magnetic maps have been drawn by joining 
those places on the geographical maps in which a magnetic element* 
has equal values. In magnetic maps we have the following lines : — 




Weft Variation 

Isogonic Lines, or Lines of Equal Declination. (For the Epoch 1932.) 
Fig. 47 
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(1) Isogonic and Agonic Lines. — Isogonic lines (Fig. 47) are 
lines joining places on the map of the earth where the declination 
is the same. Agonic lines are those which pass through places 
having zero declination. ' 

(ii) Isoclinic and Aclinic Lines — Isoclinic lines (Fig. 48) are lines 
joining places on the map of the earth where the magnetic dip is the 
same. The line passing through places having no dip is called the 
aclinic line. 

The dip of the places situated on the magnetic equator (not the 
geographical equator) is zero. So the magnetic equator is the line 
of no dip. At the two magnetic poles the dip needle points in a verti- 
cal direction, so the dip is 90*”. Starting from the magnetic equator, 
the dip will go on increasing both towards the north and south poles ; 
but towards the north, the north pole of the dip-needle dips down- 
wards, and towards the south, the south pole dips downwards. 

(iii) Isodynamic lines. — These lines join up places on the map 
of the earth where the value of the horizontal intensity is the same. 

45. The Ship's (or Mariner's) Compass — This is an invaluable 
instrument (Fig. 49) to the mariners for determining the directions in 

which to guide the course of 
their ships. 

It consists of a magnetised 
needle attached underneath a 
circular card which turns with 
it and the circumference of 
which is divided into thirty-two 
directions, called the points of 
the compass. 

The N-S direction on the 
card is marked along the axis of the needle. To distinguish the jY-polo 
it is Crown-marked, 

The needle with the direction-giving card on it rests horizontally 
on a vertical pivot fixed to the base of a hemispherical bowl BB, It 
is essential to make a contrivance so as to keep the needle always 
horizontal irrespective of any ihovement of the supporting base caused by 
the rolling of the sea. The contrivance is called a Gimballs arrange- 
ment. What is done is that the bowl is suspended inside an outer 
ring A at two diametrically opposite points about which it can freely 
turn, while the ring, on its part, is suspended at two diametrically 
opposite points K and L about which it has every freedom to rotate* 
the two axes of rotation being mutually perpendicular to each other. 



Fig. 49 — Mariner’s Compass 
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To find the geographioal norfch at a place on the sea, . the declina- 
tion of the place is first determined by referring to the Nautical 
Almanac. If it is it means that the crown-mark lies S* to the 
- west of the true North. 

For reliability of the indications of such an instrument, permanence 
of magnetisation of the magnetic system, steadiness of the system 
under violent vibration, alignment of the N-S direction marked on 
the card with the magnetic axis of the needle, and quick damping of 
any oscillations imparted to the needle must be secured. In order 
that these conditions may be fulfilled, the magnetic system should be 
of short length, large magnetic moment, should have a large time period 
and should be quickly damped. In the Kelvin’s Compass, the first three 
conditions have been sought to be fulfilled by the use of a set of eight 
small parallel needles suspended from an aluminium ring which acts 
as the carrier of the card. In the liquid compass, the *osoillations of 
the needle are quickly damped because the needle is immersed in a 
fluid which is a mixture of water and alcohol 

The indications of the needle are liable to be affected by the 
magnetisation (both temporary and permanent) of the iron of the ship. 
Compensation is accomplished by the suitable placing of small magnets 
attached to the shaft harrying the needle. The positions of these 
magnets are carefully adjusted until all external fields except the field 
of the earth have been neutralised. Sometimes hollow spheres of soft 
iron are also suitably placed near the needle for exact compensation. 

Questions 

Art. 37. 

1. How would you prove that the earth is a magnet ? (C.U. ’45 ; All. ’24). 

2. Give a short account of the earth’s magnetic field. (Dac. 1933) 

Art. 38. 

3. What are the magnetic elements of a place ? ilriefly describe a method 

of finding each of them. (Pat. 1930 ; Gf. ’32, ’36 ; Utkal 1948 ; All. ’46) 

(See Arts. 36, 41 and 42) 

Describe how the intensity pf the earth’s field can be determined at a 
point. [See Art. 36] (All. 1946) 

4. Show how from a knowledge of the horizontal component of the 

earth’s field and the dip, the total intensity of the earth’s magnetic field at any 
place is calculated ? (Pat. 1941) 

^ 6. The apparent dip at a place in a plane 60° away from the magnetic 
meridian is 45" and the total intensity of the earth’s field is 0‘46 C.G.S. units. 
I'lxplain clearly what are meant by the terms and figures in the above state- 
iiient. Calculate also the true dip at the place. (Pat. 1984) 

17 (ID 
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[Hints. VIh cos = tan tan 8 *= tan 41? X cos 60^ ; or 5“ tan~^ 

'6. At ^ the total magnetic intensity is 0*5 and the angle of dip is 68°, 
while at D the total intensity is 0'55 and the angle of dip 72°. Compare the 
horissontal intensities at the two places, (cos 72°«s0’3090, andTcos 68° = 0’8748)'; 

Uns : Ha : Hb -I'l : l] (C. U. '1935) 

* 7. At a place the total magnetic intensity is 0*98 gauss and the dip is 
46° ; at another place B, the total intensity is 0*5 gauss and the dip is 60°. 
The time period of a magnet vibrating horizontally at -4 is 3 seconds. What 
is the time period at /i ? (Pat. 1945) 

[4ws ; 5 secs..] 

8. What is the earth’s horizontal intensity ? Explain what observations 

arc necessary for the determination of total intensity of earth’s magnetic field 
at any given place. (C. U. 1947 ; Utkal 1947) 

Art. 39. 

9. Prove that the earth’s action on a magnet is simply a directive one. 

(C.U. 1928) 

Art. 40. 

10. A bar-niagiiet is provided to you such that its poles are not in the 

axis of symmetry. Show how you will use it to determine the magnetic 
meridian. (Pat. 1928 ; Cf, Pat. *1930 ; Cf. C.U. ’42) 

11. Describe an experiment for determining the magnetic axis of a mag- 
net fixed inside a flat rectangular wooden box without opening the box. 

(Pat. 1943) 

Art. 42. 

12. Describe a Dip-circle. How will you use it to determine the mag'» 
netic inclination at a place ? (Pat. 1927, ’37, ’39, ’40, ’41, ’48 ; All. 1931) 

Mention the errors that may arise and explain how they can be eliminated. 

(Pat. 1948) 

Art. 44. 

13. What are meant by the terras : (a.) magnetic equator, (h) isogonic lines ? 

A dip-circle is placed so that the needle sets vertical. The circle is then 
roated through Q about a vertical axis and the dip as measured in this position 
IB found to be 0. Find its true value. (C. U. 1945) 

Art. 45, 

14. What is Mariner’s compass and how is it used ? 
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STATICAL ELECTRICITY 

CHAPTER I 

Fundamental Ideas 

1. Electrification. — Many substances, such as glass, ebonite, 
sealing wax, resin, etc., when rubbed with silk, flannel, catskin, or 
other suitable materials, acquire the property of attracting light bodies 
like bits of paper, pieces of pith, etc. The bodies in suph a state are 
said to be electrified, dr to possess electric charges, or they are simply 
cMed‘ charged bodies. 

The electricity so prorTuced by friction is called Frictional Electri- 
city. It is also called Statical Electricity, as it does not move from 
one place to another m the body in which it is produc^. 

2. Two kinds of Electrification. —If a pith-ball is suspended 
by means of a silk thread, and if a dry glass rod is rubbed with silk and 
then hold near the pith-ball, the pith-ball is attracted by the glass rod, 
touches it, and is then repelled by the rod. If the glass rod now 

• approaches the pith-ball, the pith-ball will move further away. If 
another pith- ball is similarly suspended, and if a rod of sealing-wax, 
rubbed with a piece of flannel, is held near it, the pith-ball is attracted 
by the rod, touches it, and is then repelled. If now the glass rod is held 
near the second pith-ball, it attracts the pith-ball, and, if th^ rod of 
dealing wax is hold near the first pith-ball, it also attracts the pith-ball. 
This experiment clearly indicates that the charge of the first pith-ball, 
received from the glass rod rubbed with silk, is different in nature from 
that of the second pith-ball received from the sealing-wax rubbed with 
flannel. The repulsion of the first pith-ball by the glass rod and the 
second one by the rod of sealing-wax show that similar electrical 
charges repel eaoh other ; while the attraction between the charged 
glass rod and the second pith-ball, which received charge by contact 
with the rod of sealing-wax rubbed with flannel, show that dissimilar 
charges attract eaoh other. Thus we have the following Fundamen- 
tal Law of Electrostatics : — 

Two bodies with like charges repel each other and with un- 
like charges attract each other. 
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The kind of electricity or charge excited on glass by rubbing it 
with silk was called, by the ancients, vitreous, and that excited on 
sealing-wax when rubbed with flannel was called resinous. These 
names are now obsolete. Now-a-days the vitreous electricity is called ^ 
positive, and the resinous negative. 

A list of substances is given below which have been arranged in 
such a way that any one of them becomes positively charged when 
rubbed with another coming later in the list. 

Fur Glass Human body India-rubber 

Flannel Paper Wood Sulphur 

Sealing-wax Silk Metals Ebonite. 

8. Conductors and Non-Conductors ( or Insulators). — A 

charged pith-ball suspended by silk retains its charge for a time. But, 
if the pith'ba^l were suspended by a copper wire, it would lose its 
charge as soon as it is given. If a glass rod held in the hand is rubbed 
with silk, it is electrified only in the portion wliere it is rubbed ] while 
a brass rod, when similarly treated, showi no sign of electrification. 
In the first case, the silk thread is a non-conductor or insulator, so it 
does not allow electric charge to pass through it ; wjiile the copper 
wire is a good conductor and conducts away the electricity quite 
readily. Similarly, in the second case, the glass being an insulator 
does not conduct away the electricity developed by friction, and so the 
charge remains there ; but, in the other case, brass being a good con- 
ductor, the electricity developed on the brass rod at once escapes to 
the earth through the human body which is a conductor. If the brass* 
rod is fitted with a glass or ebonite handle, it will be strongly electri- 
fied by friction. 

The best insulators are ebonite, mica, glass, sulphur, shellac, para- 
ffin, sealing-wax, silk, oils, dry air, etc. The best conductors are the 
earth, silver, copper, etc. There is, however, no sharp line of division 
between the two classes, — for example, there are some substances like 
wood, paper, etc., which are semi-conductors or partial conductors. In 
the universe no material can be said to be a perfect conductor or a 
perfect insulator. 

The earth, and specially the moist portion of it, is regarded as a 
huge conductor. Any body which is to be discharged is connected 
with the earth, and the body is said to be earthed. 

4. Electroscopes : (Pith-Ball Electroscope and Gold-leaf Elec- 
troscope). — Electroscope is an instrument for detecting the presence 
of electricity and also for detdrmining whether the charge on a body 
is positive or negative. 
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(a^ Pith-Ball Eleetroseope. — The pith-ball electroscope is one such 
instrument which consists of a pith-ball (preferably gilded) suspended 
from a support by a single silk fibre. 

(i) Detection of Charge. — An uncharged pith-ball is brought near 
the body under examination. If the pith-ball is first attracted and 
then repelled after touching the body, the body is charged. The 
repulsion js due to the same kind of charge acquired by the pith-ball 
after contact with the body. 

(ii) Detection of the Nature of Charge. — Let a positively 
charged pith-ball be brought near the body. If there be repulsion^ 
the charge on the body under examination is positive, but if there be 
attraction^ the body may be either uncharged or negatively charged. 
Whether the body is charged or uncharged that is determined by the 
first method. 

(b) Gold-leaf Electroscope. — The gold-leaf electroscope is a more 
sensitive instrument than a pith-ball electroscope used for the detec- 
tion of a charge and its nflture. It is therefore very commonly used. 
It consists of two gold leaves L, L attached to the 
two sides of the4ower end of a metal rod B (Fig. l). 

The rod passes through an insulating stopper S, 
usually made of amber or sulphur, fitting into the 
neck of a glass vessel B which protects the leaves 
from the disturbing effects of air currents. The rod 
terminates above in a metal disc or knob C. The 
delicacy of the instrument is increased by pasting 
two strips ^ t of tin-foil on the inside of the glass 
vessel just opposite to the gold leaves. The tin- 
foils begin from the level of the gold loaves and pass 
down to the metal base of the instrument in order to 
be communicated with the earth. These strips make 
the instrument more delicate, the utility of which will 
be fully understood after studying the principles of 
electrostatic induction and potential. In order to Fig. 1 — Gold-leaf 
keep the air dry, a small vessel, containing calcium Electroscope 
chloride or pumice stone soaked in strong sulphuric 
acid, is placed inside the instrument, otherwise charges of the leaves 
may leak through moist air which is conducting. 

Action. — If a glass rod rubbed with silk touches the disc of the 
electroscope, a positive charge is communicated to the leaves, and the 
leaves being charged with the same kind of electricity repel each other 
and diverge. If the divergence be too great, the leaves touch the tin- 
foil strips, which conduct away their charges to the earth, and they 
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collapse again. The divergence of the leaves indicates the presence of an 
electric charge. The extent of the divergence depends on the quantity 
' of the charge given to the leaves. This process of charging the elec- 
troscope is called charging by conduction. 

(For a better method of charging the electroscope, see Art. 9 and 
for the detection of a charge, see Art. 11.) 


5. Repulsion is a Surer Test of Electrification — A charged 
glass-rod is presented to a suspended pith-ball. Suppose the pith- 
ball is attracted to the glass -rod. From this it can not be concluded 
that the pith-ball is electrified with opposite charge. For, a charged 
body can attract an uncharged body and also a body charged with 
opposite kind of electricity. So, only by attraction it cannot be 
definitely said .whether the second body is charged or not. If, how- 
ever, the pith-ball is repelled, it can be concluded at once that it 
carries the same kind of charge as the glass-rod, because repulsion 
is possible only between two bodies charged with the same kind of 
electricity. Hence, repulsion is a surer test of electrification. 

.6. Simultaneous Development of Equal and Opposite Kinds of 
Electricity. — Whenever a charge of one kind of electricity is produced 
by friction, an equal quantity of charge of the opposite hind is also 
produced at the same time. Thus, when glass is positively charged by 
being rubbed with silk, an equal quantity of negative charge is deve- 
loped on the silk. This is clearly verified by the following experiment. ^ 


Expt. — A flannel cap having a long silk thread attached to it is 
fitted on an ebonite rod (Fig. 2). The rod is 
then rubbed round by the cap several times. The 
rod and cap together, when presented before an 
uncharged gold-leaf electroscope, will produce no 
divergence. The cap is then separated from the 
rod by means of the silk thread and presented 
before a positively charged gold-leaf electroscope. 
The divergence increases, showing the charge on 
the cap to be positive. Now, on presenting the 
rod before the electroscope, the divergence dimi- 
sharge of the rod to be negative. The two pieces, 
the rod and the flannel cap, are thus both charged, while the two 
together behave as neutral. This means that by friction equal charges 
of the opposite kind are produced on the substances rubbed. 



7. Theories of Electricity. — From time to time various theories 
have been put forward, e.g. (i) One-Fluid Theory, (ii) Two-Fluid 
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. Theory, but the latest of them is the (iii) Electron Theory, which is 
now-a-days universally applied. 

(i) The One-Fluid Theory is due to Benjamin Franklin, who first 
' suggested the terms, positive and negative, to denote the two kinds 

of electricity. According to this theory, electricity is a kind of indes- 
tructible, subtle and weightless fluid and is possessed by all uncharged 
bodies m a normal amount A body containing more than the normal 
amount of this fluid is said to be positively charged ; and if it con- 
tains less than the normal amount, it is said to be negatively charged. 
By the act of rubbing, the fluid is transferred from one body to 
another as it were by squeezing. The amount lost by one shows to be 
in excess in equal quantity on the other. This also explains equality 
of the charges on the rubber and the rubbed. This theory was replaced 
in course of time by a more rational one, called the two -fluid theory. 

(ii) Two-Fluid Theory. — Bobert Symmer en\dsage"d the existence 
of two .kinds of fluids having opposite nature corresponding to the two 
kinds of electrification, ^Dositive and negative. He thought that all 
bodies, in unelectritied state, contain these two fluids in equal quantities 
whereby the ejects are neutralised. By the act of rubbing the 
positive fluid of on^ is transferred to the other. The one that gets it 
has its positive fluid in excess over the negative and shows positive 
electrification, while the other that loses it has its negative fluid in 
excess over the positive to the same extent and shows equal negative 
electrification. Thus the equality of charges on the rubber and the 

•rubbed is explained This theory is obviously more complex that the 
one fluid theory but, nevertheless, the two theories were prevalent 
until up to the end of the last century. 

(iii) The Modern Electron Theory. — Within recent years the 

existence of particles, far smaller than the atom, has been proved. It 
has now been definitely established that atoms contain as constituents 
tiny particles, one kind of which is associated with a negative charge ; 
and it is believed that it is nothing but a minute particle of negative 
electricity. This ultra-atomic particle is called an electron. Each 
electron has the same mass, about of that of a hydrogen atom, 
which is the lightest known atom, and each is associated with the 
the same negative charge, the value of which is 4'77 10“*° electro- 

static unit. This is the smallest quantity of negative electricity which 
has been found existing by itself. Inside the atom there is a nucleus 
of positive electricity surrounded by electrons. These electrons are 
revolving in definite orbits round the positive nucleus, much in the 
same manner as the Earth, Mars, and other planets revolve in their 
orbits round the Sun. ‘ The positive nucleus is formed of positively 
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charged particles, called protons, and some uncharged particles, called 
neutrons, both of which are massive particles compared to electrons. 
A proton or a neutron is as heavy as a hydrogen atom ; the former 
carries a positive charge equal to that of an electron while the latter / 
is electrically neutral. These three particles, electron, proton and 
neutron, are regarded as the fundamental bricks with which all matter 
is composed. 

7(a). The Structure of an Atom. — An atom consists of a central 
part, called the nucleus, about which a number of electrons, called the 
orbital electrons, revolve in the outer part of the atom, called 
the shell. 

(1) The Nucleus (or Core). — It is the central portion of the atom 
like the sun of the solar system. It mainly consists of units of positive 
electricity, called Protons, which are elementary positively charged 
particles, together with a certain number^ of embedded neutrons, 
which are also elementary particles each having nearly the same mass 
as that of a proton hut are electrically uncharged. Bo the charge of 
a nucleus is positive. The nucleus is surrounded by the outer part 
of the atom, called the shell, in which electrons, equal in number to 
the protons in the nucleus, continually revolve. In the case of a normal 
atom, the electric charges of the protons and electrons are equal in quan- 
tity but opposite in kind ; so, their resultant charge is zero. The nucleus 
in the case of a hydrogen atom has only one proton in it. It is rather 
special. It is not only called a hydrogen nucleus but also a Proton and ^ 
is without any embedded neutron. A proton is supposed to be even smal- 
ler than the electron though, relatively, its mass is many times greater. 
The number of positive units of electricity at the nucleus (which is 
equal to the number of revolving electrons in the shell) is what is called 
the atomic number of an element. The atomic number is the number 
of the place occupied by an element in a table arranged in increasing 
order of protons in the nucleus^ For hydrogen, this number is 1, as 
hydrogen has only 1 proton in the nucleus ; for helium 2, as in the 
nucleus of helium there are 2 protons and 2 neutrons, the positive charge 
being 2 units (or 2 protons). Similarly for oxygen this number is 
8, for copper 29, and finally for uranium it is 92. This table is the 
modern periodic table for the elements. 

(2) The Shell. — It is the outer part of an atom in which electrons 
continually revolve round the nucleus in definite orbits. 

The number of these revolving electrons in a Uormal atom gives the 
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«.tomio cumber of the element. Thus, in a hydrogen atom there is 1 
•electron and 1 proton (Fig 3 (a)] ; in 
the helium atom the nucleus con- 
-"ists of 2 protons and 2 neutrons, 
eo there are two resultant positive 
units of charge in the nucleus 
[Fig. 3 (b), where a white circle and 
a positive circle respectively denote 
e. neutron and a proton] and in the 
shell there are 2 external electrons : 
in oxygen 8 protons together with 
d neutrons in the nucleus and 8 external electrons, and so on. These 
electrons are revolving round the positive nucleus in definite orbits, 
much in the same manner as planets revolve in their orbits round the 
sun, wjth enormous speed. 

The mass of an electron being about 1840 times as small as that 
of a proton, it is obvious that the whole mass of an atom is concentrated 
m the nucleus^ each of which contains a number of protons and 
neutrons compared to which the weight of the electrons is almost 
entirely negligible? Thus the atomic weight of an element is proportional 
to the total number of protons and neutrons in the nucleus of its atom, 
while the chemical nature of each element is determined by the 
atomic number and arrangement of the oribital electrons. 

So, a heavier atom contains a greater number of protons and 
‘geutrons in its nucleus than a lighter one. The atom is kept as a 
•definite stable system by the electrical forces of attraction and repul- 
sion between the different electrical units. Thus, the atom is not a solid 
thing, the electrons, neutrons and protons inside it only occupying a 
small part of the total space of the atom. An English scientist has 
said that if we imagine the St Paul’s Cathedral to be the size of an 
' atom, the particles, of which atoms are formed, would be like specks 
of dust, which are practically invisible. 

Another has said that the size of an electron relatively to that of 
an atom to which they are attached may be compared as the volume 
of an airship to that of the earth. On the whole the constituent 
particles of an atom are exceedingly small. 

The modern theory of structure of atom is chiefly due to Prof. J. J. 
Thomson, Prof. Sir Earnest Butherford of Cambridge, and it has been 
developed by Prof. Bohr of Copenhagen, Prof. Milikan of America, 
and others. 

7(b). Positively and Negatively Charged Bodies. — The rotating 
electrons of an atom may be dislodged from their orbits and pass 
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from one atom to another. When, at any instant, an atom loses one 
or more of its electrons, it has an excess of positive electricity (ae 
it was neutral in the beginning), and it is said to be positively charged ; 
while an atom, which gets one or more electrons above its normal, 
number, has an excess of negative electricity, and is said to be 
negatively charged. 

Thus, according to the modern view, when a glass rod is electri- 
fied by being rubbed v/ith silk, all that is done is that some of the 
electrons are removed from the rod and transferred to the silk piece. 
Thus, glass has got a deficit of electrons and is positivelij electrified^ 
while the silk piece has a surplus and is negatively electrified. 

Similarly, in the case of the experiment described in Art. 6, the 
ebonite rod gains electrons from the flannel cap and is negatively 
charged, but .the cap, having lost the same electrons, is positively 
charged to an equal amount. This explains the simultaneous develop- 
ment of two hinds of electricity in equal quantity. 

7 (c). Conduction : Electric Current, etc. — In solids, the positions 
of the nuclei are more or less fixed and the electrons behave in two 
different ways. In some, the electrons cling to their own nuclei and 
it is very difficult to move them, while in others they can roam about 
freely. The electrons moving in the outer layers of certain atomsr 
chiefly those of the metals, are supposed to be loosely bound to the 
atoms and may easily be detached to migrate to neighbouring atoms. 
So, according to this tlieory, the materials in which the so-called 'freeC 
electrons may easily migrate from one atom to another are called 
conductors, while substances, in which the electrons are strongly 
bound to the atoms, and in which free movement of electrons within 
the interior of the substances is seldom allowed, are termed insulators. 
Metals are good conductors, and the earth, which is a good conductor, 
is a big reservoir of electrons as the ocean is of water. A negatively 
charged conductor, i.e. a conductor with surplus electrons, when con- 
nected with the earth, gives up its surplus electrons to the latter and 
becomes neutral. Similarly a positively charged conductor, i.e. a 
conductor short of electrons, when connected with the earth, receive 
electrons from the earth and becomes neutral. The earth receives or 
loses electrons in this way, but the earth remains unaffected as any 
gain of water during rains or loss of water by evaporation has na 
appreciable effect on the level of water in the ocean. 

In liquids, the electrons are generally bound to their nuclei, so 
liquids can conduct electricity only when their molecules are “ionised*^ 
(see Oh. VI, Part VII). > 
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7(d). Electric Current and Electromotive Force. — If there is a 
force or pressure Tvhich can direct the movement of the free electrons 
in a conductor to a particular direction, tliere will be a stream of' 
Lieotrons moving in that direction, which is termed an electric current, 
and the force or pressure producing it is called an electromotive force 
(see also Art. 8, Part. VII). 


Questions 

Art. 2 

1. What do you mean by the statement that a body is electrically 

charged ? When you cdoctrify a glass rod by rubbing it against llannol, what 
is the source from which electrical energy is obtained ? (Pat. 1924) 

Art. 4. 

2. Describe the construction, and explain tlie use of a gold-leaf electro- 
scope. * • (C. U. 16, ’22, ‘24, ’27, ’45 ; Dac. 1933) 

Art. 6. • 

3. How would you prove that porutive and negative electrifications are 

produced in equal quantities V (fh U. '27. '35, '42, '44 ; Cf Pat. 1923, ’32.) ■ 

Explain clearly^ with reasons, the names given to these by the ancients. 
Why have these names hten changed into ‘positive’ and ‘negative’ ? (Pat, 1932) 
(See also Art. 2 and 7) 

Art. 7. 

4. What IS an electron ? Explain with its help the phenomenon of elec- 
trification by friction or by induction. (C, U, 1932) 

* [See Arts. 7(b) and 8]. 

5. Describe the structure of atoms. Define electron, proton, nucleus, and 
in this connection state what is meant by conduction. 


CHAPTER II 

Electrostatic Induction 

8. Proof-plane. — A Proof-plane (Fig. 4) consists of a small metal 
disc F mounted on an insulting handle. It is used 
for testing the kind of electricity on a body by 
touching the metallic disc with the body and 
presenting before a charged electroscope the small 
amount of charge taken from the body. When 4 —Proof- plane- 

a conductor is touched by it, the proof-plane becomes a part of the 
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surface of that oonduotor, and when removed, it carries a part of the 
charge of the conductor. The amount of the charge removed will 
depend on the charge at the point touched. Thus, it simply acts as a 
carrier of small charge taken from a body. * 

8(a). Electrification by Induction (or Influence). — When a 
charged body A, say, positively charged, is brought near an insulated 
uncharged body BC (Fig. 5), but not in contact with it, the latter is 
affected by the electric charge of the former acting through air or 
some other insulating medium. Due to the presence of the charged 

body A, the electric equilibrium of BC is 
disturbed, and the side of it near the 
electrified body is charged with electricity 
opposite to that of the charged body, 
neqatively, the remote side being charged 
Fig. 5 with electricity ^of the same nature, i.e. 

positively ; thus the end B is negatively charged and the end G is 
positively charged. This may be proved in Vhe following way : Place 
the disc of a proof-plane against the end B and present it before a 
negatively charged gold-leaf electroscope. Observe that the divergence 
of the leaves increases which shows that the charge of the proof* plane, 
and consequently that at the end B of the conductor, is negative. 
Now discharge the proof-plane by touching it with the hand ; touch 
the end G of the conductor with it and bring it before a positively 
charged gold-leaf electroscope, when the leaves will diverge more, 
showing the presence of positive charge on the proof-plane, and con- 
sequently on the end C of the conductor. It can similarly be proved 
with the help of an uncharged electroscope that there is practically 
no charge at the middle of BC. 

So it is seen that the electricity of a charged body attracts, as 
it were, the opposite electricity of an uncharged body towards it and 
repels an equal quantity of electricity of the same kind to the remote 
side. Such electrification by influence is known as electrostatic 
induction, and the second body is said to be charged by induction. 
The charge on the first body is called the inducing charge, while the 
charge on the second body is called the Induced charge. The opposite 
charge induced at the near end is called the bound charge, bound as it is 
to the inducing charge by force of attraction ; while the similar 
' charge induced at the remote side is called the free charge. 

Development of Equal hut Opposite Charges by Induction. — 
If a positively charged body A is brought near two insulated 
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metal spheres B and G placed in contact (or connected by a wire), the 
nearer sphere B will be negatively charged, 
and the farther one 0 positively charged 
SHig. 6). If the two spheres B and C are 
now separated tn the presence of the posi- 
tively charged inducing body A, then, on 
testing with a proof-plane and a charged 
electroscope, it is found that the nearer one 0 

B shows negative charge and the other C 

positive charge. If the spheres are again placed in contact and the 
combination is presented before an uncharged gold-leaf electroscope, 
the leaves remain unaffected showing that there is no charge on the 
combination. This fact proves that the induced negative charge on 
B is equal to the induced positive charge on C Further proof of 

this is furnished in Art. 14. 

• . • 

Explanation of Induction hy Electron Theory. — A conductor is 
supposed to contain a number of free or mobile electrons When a 
positively charged body is brought near it, its electrons are attracted 
so that the near end of the conductor gets more of these electrons, 
and so becomes ‘negatively charged, while the remote end is left at a 
deficit by the same nufnber of electrons and so becomes equally posi- 
tively charged. When, however, the conductor is earthed in the pre- 
sence of the positively charged body, the shortage of electrons of the 
remote end of the conductor is made up by electrons coming from the 
e^rth. If DOW the positively charged body, i e. the attracting force, is 
removed, and the earth connection cut off, the electrons of the nearr 
end are distributed over the whole surface. 

Facts about Induction. 

(t) Two kinds of electricity are always separated by induction. 

M Opposite kind of charge is induced on the near end and simi- 
lar charge is induced on the remote end. 

(m) The two induced charges are equal in amount. 

(«v) The induced opposite charges are temporary ; they neutralise 
each other when the inducing body is removed. 

8 (b). Induction precedes Attraction. — When a charge is brought 
near an uncharged body, electric separation ("separation of positive and 
negative charges) takes place in the body and the phenomenon is called 
tnduciton ; in the conductor the opposite kind of charge comes nearer 
to, and the same kind moves farther away from, the inducing charge ; 
FO the attraction between the unlike charges which are nearer will be 
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greater than the repulsion between the like charges and the net result 
will be attraction. Hence induction always precedes the attraction 
between a charged and an uncharged body, 

9. Charging a Gold-leaf Electroscope by Ind Action. — Suppose 
a negatively charged rod is brought near the disc of an uncharged gold- 
leaf electroscope. Induction takes place ; the disc acquires a positive 
charge, and the lower part of the metal rod and the leaves acquire 
negative chiyrge ; the leaves consequently diverge with negative electri- 
city [Fig. 7(a)l. If now keeping tho charged rod in position, the disc 



is touched momentarily with the finger, the negative charge of the 
leaves escapes to the earth and the leaves collapse [Fig. 7(6)]. The 
positive charge on the disc is hold in position by the attractive in- 
fluence of the inducing negative charge. On now removing the charged 
rod, positive electricity, which is no longer confined to the disc due ^o 
the presence of the inducing charge, spreads over the disc, the rod, 
and the leaves ; and thus the leaves diverge with positive electricity, as in 
Fig. 7(c). So the electroscope is now charged positively by induction, 
that is, charging by induction produces the opposite kind of charge. 
This is a very convenient way of charging an electroscope, as the 
charge on the leaves can be regulated by altering the distance between 
the charged body and the electroscope. The charge on the leaves will 
be less, if tho distance be greater. 

Note. — Strongly charged bodies should never be brought close to 
the electroscope, for in that case repulsion between the leaves may be 
strong enough to tear away the leaves. For testing such strongly- 
charged bodies proof-planes are used. 

To Charge a Gold-leaf Electroscope Negatively. — Suppose a posi- 
'tively charged glass-rod is brought near the disc of an uncharged 
electrosoope (compare with Fig. 7). Induction takes place, the disc 
is negatively charged and the leaves positively. The disc is momen- 
tarily connected to the earth whereon the positive charge of the leaves 
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escapes to the earth, and the leaves collapse ; but, according to the 
modern view, it would be more correct to say that due to the influence 
of the positively charged glass-rod, some of the electrons are brought 
.nearer (on the disc) and thus the leaves of the electroscope are left 
deficient in electrons, i.e. positively charged, and so they diverge. 
Then, if the disc is touched, the leaves collapse on account of neutrali- 
sation due to the electrons rushing /rom the earth to the electroscope ; 
and, if the rod is taken away, i e. the influence is removed, the electrons 
distribute themselves over the leaves and so the leaves again diverge 
with negative electrification. 

10. Three steps in the Process of Charging by Induction. — 

(a) Bring the charged body near the one to be charged, {h) Touch 
the latter momentarily t i- e. connect it with the earth, (c) Bemove the 
inducing charge. 

11. ' Detection of the Character of a Charge. — ^To detect the 
the character (positive or negative) of an unknown charge, bring 
obe charged body near an electroscope charged, say, negatively- If the 
unknown charge be negative, it will act inductively on the electroscope 
giving the leaves «aore negative charge ; so the divergence of the leaves 
will increase. If the unknown charge be positive, the divergence will 
■diminish. Then a greater or less divergence of the leaves for a 
negatively charged electroscope indicates whether the unknown charge 
is negative or positive 


The result of the experiment can be tabulated as below : — 



! 1 

1 EIcctroncope charged I 

Brought up near 

i 


the disc 

Positively 

1 

Negatively 

1 

Positively charged 

Increased divergence 

i 

1 Collapse or partial 

body 


collapse 

Negatively charged 

Collapse or partial 

Increased divergence. 

body 

• 

collapse 



12. Magnetic and Electric Induction Compared. — 

Resemblance. — (i) As induced magnetism is temporary, so electri- 
city induced in a conductor is also temporary and Igysts only as long 
tbe inducing body is present near the induced body.; ^ , «r... 




272 


INTERMEDIATE PHTSICS 


(a) There is no change in strength either in the inducing electri* 
fied body, or in the inducing magnet, when induction takes j)lace. 

Difference. — (i) In magnetism, induction may also take place 
between two bodies in contact^ but in electricity, induction is only 
possible from some distance from each other. 

ill) In electric induction, a charged body will induce a charge 
on any insulated conductor, but magnetic induction is limited to 
magnetic substances only. 

13. Three ways of Producing a Charge. — 

G) By friction ; (ii) By conduction ; (Hi) By induction. 

(i) In this case, the sign of the charge depends upon the materia! 
used, (li) In the second case, the charge is of the same sign as that 
which causes it : and (lii) in the third case, the charge is of opposite sign^ 

14. Faraday’s Ice-pail Experiment.— To perform this experi-. 

ment a hollow spherical or cylindrical 
metallic can C open at the top is placed 
on an insulating stand i?, the outer side 
of the can being connected with a 
gold-leaf electroscope (? by a wire 
(Fig. 8). The experiment can be 
divided into three parts : — 

(^) A positively charged metal ball 
A held by a silk thread is slowly 
introduced inside the can, care being 
taken not to touch any part of the can 
during the process. It will be found 
that as soon as the ball is almost 
surrounded by the can, the divergence of the leaves becomes maximum. 
If at this state the ball is moved sideways, the divergence does not 
change but remains constant. The charge on the ball being posi- 
tive, negative charge is induced on the inside surface of the conductor ; 
the leaves of the electroscope get positive charge which ca^^ses the 
leaves to diverge. The leaves collapse again ^when (he ball is 
withdrawn. This proves : — 

t 

When a charge; is almost completely surrounded by a eon* 
ductor, the magnitude of the induced charge becomes maximum 
and remains the same, whether the position of the inducing 
charge inside the conductor is changed or not, provided it con- 
tinues to be completely surrounded by the conductor. 



Fig. 8 — -Faraday’s Ice-pail 
Experiment 
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(n) The electrified ball is again introduced well inside the conduc- 
tor. The maximum induction takes place as in the previous case and 
the leaves diverge with the induced positive charge. The ball is then 
' made to touch the inside surface of the conductor. The divergence of 
the leaves does not change, and it remains constant even when the 
ball is withdrawn. Now, on testing the ball, it is found to be com- 
pletely discharged. The inducing charge being completely neutralised, 
the induced free charge remaining constant, the neutralisation is due 
to the induced opposite charge which must be equal in magnitude. 
Thus : — 

When an Inducing charge is almost completely surrounded by 
a conductor, the induced opposite charge is equal in magnitude 
to the inducing charge. 

(in) The positively electrified ball is introduced, as before, and 
the Tesivas diverge. The outer surface of the can is momentarily 
touched by the finger, the leaves collapse due to neutralisation of the 
mduced positive charge byAhe flow of electrons from the earth. The ball 
is then withdrawn, and the leaves immediately diverge again The 
amount of divergence is found to be the same as before, but, on exami- 
nation, the charge is found to be negative As long as the ball is inside 
the conductor, the induced negative charge is hold in position, but, 
after the withdrawal of the ball, this negative charge spreads and goes 
to the outside of the conductor, t e. to the electroscope, which was pre- 
viously occupied by the induced positive charge. The equality of the 
divergence now shows equality of their strength. 

If, again, the ball (which retains its original charge) is introduced 
into the hollow vessel and allowed to touch it, the whole arrangement 
becomes neutral, and the leaves collapse. This proves : — 

The induced positive and negative charges are equal in 
, magnitude. 

This experiment was first performed by Faraday who used an 
ice-pail in place of the cylindrical conductor, hence the experiment is 
known as Faraday’s Ice-pail experiment. 

Note : The above experiment ( iii) qives a method of transferring 
the whole of a charge from one conductor to another which is holloio and 
larger in size. When the inside of the hollow vessel is touched by the 
charged conductor, the charge goes on to the outside of the vessel. 

15. The Seat of Charge on a Conductor. — If one end of an 
insulating rod be electrified, the electricity is confined to that end only, 
but, if an electric charge is given to any part of an insulated conductor, 
rthe charge at once distributes itself all over the surface. 

18 (II) 
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(0 Biot’s Expt. — A charged insulated metal sphere C is taken 
(Fig. 9). Two metal hemispheres A and 
B provided with insulating handles are 
put against the charged spheres so as to 
completely cover it. On removing the 
covers by the handles, and presenting 
them before a gold-leaf electroscope, they 
are found to bo charged. The metal 
sphere G on being similarly tested shows Fig. 9-— Biot’s Spheres 
no trace of any charge ; the charge must 

have passed on to the two hemispheres which formed the outer surface 
of it. 



This shows that electricity resides oo the outer surface of 
a conductor. This is known as Biot' a Experiment. 

(a) Faraday’s Butterfly-Net Expt. — Another experiment, known 
as Farcbday s Butterfly-Net Experiment^ also confirms the fact that 
the charge resides on the outer surface of a conductor. A conical. 

muslin net attached to a 
brass ring mounted on an 
insulating stand is furni- 
shed with two silk threads 
by which it can be turned 
inside out (Fig. 10). A 
charge is given to the net. 
Tost for the charge insid/^ 
and outside by means of 



Fig. 10 — liubterfly-Nct Experiment 


a proof- plane. The charge 
will be found to be present 


entirely on the outside. Now turn the net inside out by the silk thread 
(not by the hand), and test again. The charge will again be found to 
be only on the outside. 


{Hi) No Charge inside a Hollow Charged Conductor. — A hollow 
insulated charged metal sphere with a hole is taken. A proof-plane is 
inserted to touch different parts of the inside of the sphere and then 
it is made to touch the disc of a gold-leaf electroscope, when no diver- 
gence takes place ; but the leaves diverge if the proof-plane touches 
the disc after touching any part of the outside surface of the metal 
sphere. When the proof-plane is placed on the conductor, it becomes 
for a moment the outer surface of that portion of the conductor and 
acquires the charge covered by it. It carries that charge when lifted 
off by the handle. The absence of any divergence in the first case 
shows that there is no charge inside the conductor (solid or hollow) ; 
the charge resides solely on the outside surface. 
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16. Distribution of Charge on Conductors : Surface Density of 
Charge. — Although the charge on a conductor distributes itself all 
over the surface, it should not, however, be concluded that the distri- 
bution is uniform all over the surface. The distribution depends 
upon the shape 
of the conduc- 
tor, the greater 
the curvature at 
any point the 
greater will be 
the accicmulation 
of electrxchty at 
that point. The of Chui gc on Conductors 

distribution is also greatly affected by the neighbourhood of other 

conductors, • 

• 

Surface density is the amount of charge per unit area surrounding 
a poinCon the surface of the conductor. It depends on the (i) shape of 
tno conductor, and the (it) neighbourhood of other conductors. The 
density of the charge is greatest where the curvature of surface is 
greatest, i.e. at Sharp bonds or pointed portions (see Action of Points 
in Ch. V). On a sphere the distribution of electricity is uniform 
(Fig. 11). The distribution of charge on the surface of a conductor at 
different points can be tested with the help of a proof- plane, 
as described in Art. 9. ’ ^ 

^ The distribution of charge on conductors of different shapes will 
he clear from the dotted lines in Fig. 11. The density of the charge in 
each case is roughly represented by the distance of the dotted line 
from the conductor. 

In the case of a sphere, the curvature at all points being equal, the 
distribution of charge is uniform. Therefore, 

Surface density P= units per sq. cm.. 

where Q is the total charge, and r the radius of the sphere. 

N.B. It should be carefully noted that there is no relation between 
the shape of a magnet and the distribution of magnetism on it. 

Questions 

Art. 1. 

1. Explain the meaning of the expression '^electrification by induction”. 

(C. U. 1920, *42, ’44 ; Pat, 1918, ’47) 

2. Describe an experiment to show that when an insulated conductor is 


o « 
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electrified by induction, two opposite charges are induced on it, that which is 
farther from the inducing charge being of the same kind. 

Under what circumstances is it possible to transfer the whole of the charge 
to another insulated conductor ? (Utkaf 1947 ; G. U. 1930)^ 

[Hints. — The whole charge can be transferred when the charged conductor 
touches the inside surface of a hollow conductor. [Sec also Art. 14)] . 

3. What experiments will you do to show that electricities generated by 
electrostatic induction are equal but of opposite kinds. Compare this induction 
with magnetic induction and explain fully how you can protect an apparatus 
from the effect of induction in each case. 

(Pat. 1928 ; Cf. Utkal 1947 ; Of. 0. U. ’42) 

(See also Arts. 32 and 33) 

4. A bar magnet is divided in the middle and the parts are separated. An 

insulated conductor (cylindrical with the ends rounded off) is placed in front of 
the electrified ball with its axis passing through the centre of the ball ; and, 
while in the presence of the ball, the cylinder is divided in the middle, and the 
farther half is removed to a great distance. Contrast and explain the state 
of affairs in the two cases. . (C.U. 1912 ; Cf. Pat. 1923). 

[Hints.— On dividing the magnet each piece becomes a magnet with a 
north and a south pole. It is not possible to get an isolated pole. In the 
next case, when the cylinder is divided in the presence of the inducing charge, 
the two opposite charges on the two halves are separated, differing in this 
respect from the first case, where two poles are inseparable.] 

Art. 9. 

5. If a charged ebonite rod be placed in contact with the knob of an 

electroscope, the leaves diverge, and on its removal they partially collapse. 
Explain this. (Pat. 1923 ; C. U. ’iS*) 

[Hints. — The ebonite rod being an insulator the leaves diverge : (i) due to 
the charge received by conduction only from that part of the rod with which 
the knob is actually in contact ; (ii) due to the charge on the remaining portion 
of the rod received by induction. The charges on the leaves, both by con- 
duction and by induction, are of the same kind, so the leaves partially collapse 
due to the absence of the induced charge when the rod is taken away.] 

6. Using an ebonite rod and fiannol how would you charge a gold-leaf 

electroscope (a) negatively, (fe) positively ? (C. U. 1935) 

7. Describe a gold-leaf electroscope. Give an uncharged body A on an 

insulating stand and a body B charged negatively ; how by means of B can you 
give {a) a positive, (h) a negative charge ? (C. U. 1924) 

8. An electroscope has its leaves charged with positive electricity. An 

electrified rod is brought close up to the plate of the electroscope, and.it is 
observed that the leaves first collapse and then again diverge. Explain these 
observations. (All. 1916) 

9. How will you obtain a large quantity of negative charge from a small 

positive one ? Give details of the arrangement ? (Pat. 1932> 
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[Hints* — Take a body A with a small positive charge and two other insula- 
ted bodies B and C. Bring B near A, then touch B, B now has got negative 
charge, induced positive charge being gone to the earth. Now take B near to 
C and touch C. C -gets positive charge. Now take A and C to B, when more 
-''agative charge will be induced on B» Repeat this process]. 

Art. 14. 

10. On an inslating stand is placed a metal can the outside of which is 

connected to a gold-leaf electroscope. A charged metal ball himg by a silk 
thread is gradually lowered into it till it touches the bottom. Describe and 
explain the effects produced. (Pat. 1921, ’23 ; C. U. 1914, ’17) 

11. Describe Faraday’s Ice-pail experiments, and state clearly the princi- 
ples that these experiments illustrate. (Dac. 1934 ; Pat. 32, '45 ; Of. 0. U. ’40) 

Describe an experiment to show that the induced charge equals the 
inducing charge. (Pat. ’44) 

Art. 16. 

12. • What is meant by “the surface density at a point” ? “(Pat. 1924, ’47) 

How jcloes it depend on the shape of the conductor (Pat. 1947) 

One pole of a battery of #many cells is earthed. Two insulated metal 
balls of 1 cm. and 5 cms. diameter respectively are put one after the other 
in contact with the other pole of the battery. Compare the surface densities of 
charge on the two iTalls. (Pat. 1947) 

[Ans : 5:1] 


CHAPTER III 

The Electric Field : Potential 

17. Electric Field. — The apaoe surrounding an eleotrio charge, 
or a system of charges, over which the electric force of attract ion or 
repulsion exists, is called its electric field. The idea expressed 
is the same as that of a magnetic field. Theoretically, the field of a 
charge extends up to infinity but practically it becomes inappreciable 
after a certain distance. 

Electric Lines of Force. — As it is seen in the study of magnetism 
that a magnetic field can be represented by a series of lines, called 
magnetic lines of force, so an electric field can be similarly represented, 
that o^wing to experimental difficulties it cannot be so easily done in 
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this case. The idea of lines of force is due to Faraday. A line of force 
is defined as a curve in an electric field such that the tangent at any 
point of it shows the direction of the resultant electric intensity of the 
field at that point. The positive direction of a line pf force is that in^ 
which a free positive charge tends to move. 

The properties attributed to electric Lines of force according 
to Faraday are : — 

(a) The lines of force originate from a positively charged con- 
ductor and terminate on a negative charged conductor. In Figs. 13^ 
14 and 16, it will he observed that the lines of force start from a posi- 
tively charged conductor and, as they must end somewhere, they end 
on the wails of the room when no direct negative charge is near about. 

(h) They touch the surface of a conductor at right angles (see 
Art. 29). 

( c) Equal and opposite charges are distributed at the tivo ends of 
each line of force. 

( d) The positive direction of a line of force is that in which a small 
positively charged conductor will tend to move, if free to do so. 

(e) Lines of force are like stretched elastic threads : they tend to 
contract lengthwise and, whilst proceeding in the same direction, they 
mutually repel each other sideways ; these j^roperties may he used to 
explain the attraction or repulsion between two charged bodies. 

(f) JAnes of force never intei'sect one another ; for if they did, then 
at the point of intersection there will be two directions for the resultant* 
electric force, which is impossible. 

Difference from Magnetic Lines of Force. — (a) Electric lines 
of force always leave the surface of a conductor normally, i.e. at right 
angles to the surface ; but the magnetic lines of force need not leave a 
magnet or a magnetic substance normally ; electric lines of force are 
not closed curves like magnetic lines of force. 

{b) An electric line of force cannot exist inside a conductor while 
a magnetic line of force is continuous and exists inside a magnetic 
substance. 

Tubes of Force. — To explain electric forces in a medium, Faraday 
supposed the medium around a charged body to be filled up by a 
number of imaginary tubes, just as the medium may be supposed to be 
permeated with lines of force. 

Imagine, an electric field permeated with lines of force. Suppose,, 
according to Faraday, that the lines are grouped into tubes which 
touch each other laterally and fill the entire space. If a definite \ 
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number of tubes are conceived to emanate from a definite charge, they 
are usually referred to as unit tubes. If one tube is conceived to 
emanate from a unit charge, whatever is the medium, such a tube is 
called a unit Faraday tube. 

A tension is supposed to act along the axis of each such tube and 
a stress normal to the axis. Forces of attraction or repulsion between 
charged bodies are attributed to the stresses and strains in such tubes. 

A tube of force is assumed to start from a positive charge and end 
on an equal negative chargr'. Since a tube is subjected to an axial tension, 
it tends to shorten along its length and thereby bring the opposite 
charges nearer to each other. The attraction between unlike charges 
is in this way explained. The stress at right angles to the axis makes 
the tubes repel each other. In the space between two like charges, 
the tubes tend to displace each other sideways and thus the like 
char^e^ are mutually repelled. ■ 

18.* Law of Force between Electric Charges.— The force of 
attraction between tw’o Unlike charges and of repulsion between two 
like charges depend on the distance between them. The relationship 
is expressed by Wie following law : — 

The force of atir action or repulsion between two charged bodies 
varies directly as the procluci of their charges and inversely as the 
square of the distance heUoeen them. The latter part of the law is 
knoum as the Law of Inverse Squares. 

^ If F he the force of attraction or repulsion between two charges 

f 

q, q\ and d the distance between them, F=c , where c is a constant 
depending on the medium and the units chosen. 

If the medium be air, and if the unit quantity of electricity be so 
chosen that this quantity, when placed at a distance of one centimetre 
from an equal and similar charge, repels it with a force of one dyne, 
then, for d^l cm., and dyne, wo have c“l. Hence, 

with the unit for charge so defined, 

/ 

F (in air) — dynos* 

* The force between two electric charges (and also that between 
two magnetic poles) was first directly measured by Coulomb (1736 — 
1806), a Frenchman, and so this law of force is known also as 
Coulomb’s law of force. 
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Unit charge. — We have thus got the definition of the C. 0. S. elec- 
trostatic unit quantity of electricity (E. S. U.). It is the quantity of 
electric charge which exerts a force of repulsion of one dyne on an equal 
' and similar charge placed one centimetre apart in^ air. It has no 
special name. 

The Practical unit is the Coulomb ; 1 coulomb -3 x 10° electro- 
static units. (See also Part VII). 

19. Influence of the Medium.— The actual magnitude of the 
force between two charged particles placed at a distance apart depends 
largely upon the nature of the medium of their separation. This is 
shown by the following experiment : 

Expt.~ Suspend from the same point two similarly charged 
pitb-balls. They will repel each other with a certain force and come 
to rest with a definite distance between them. The medium in this 
case is air. Now interpose a glass or ebonite plate and notice that the 
divergence decreases very much. It will be nnticed that the distance 
between the balls will be different for different substances! It is 
greatest when the medium is air. 

This experiment shows that the electric force depends upon the 
nature of the medium, or, in other words, different insulating media 
have different powers of transmitting electrical influence through 
them. Faraday gave the name di-electric to such a medium. It is 
an insulator. 


We have seen in Art. 18 that, 



dynes. 


But, if instead of air, the charged bodies are placed in any other 
medium, the constant c cannot be equal to unity. The equation then 
assumes the form. 


A; is a constant depending on the medium. This 


constant is called the di-electric constant or the Specific Inductive 
Capacity (S. I. C.) of the medium (see Art. 39). That is, if the inten- 
sity in air is F, the intensity will be F/K when air is replaced by a 
medium of di-electric constant K. 

20. Intensity of an Electric Field. — A somewhat similar proce- 
dure to that adopted in defining magnetic field is used for electric 
field also, unit charge being substituted for unit magnetic pole. 

The intensity or strength of an electric field at a point is 
measured by the force in dynes exerted on a unit positive charge 
placed at that point. 



STATICAL BLEOTBIOITY 


281 


The electric force exerted on a charged body placed in a field 
depends on : (i) the intensity or strength of the field ; iii) the amount of 
oharge on the charged body. 


An electric field has unit intensity at a point when a unit positive 
•charge placed at the point is acted on by a force of one dyne. Thus, 

force on unit charge in a field of unit intensity** 1 dyne 

II II 2 units ,, = 2 dynes 

II n 0 . M 11 ,, „ 

II II (Z II M / II 

So, the force F^f^q^ where/ is the intensity of the field and q 
the charge on the body. 

Electric Intensity in terms of Lines or Tubes of Force.-— The 

intensity of an electric field at any point is also measured by the 
number of lines of force passing through a unit area surrounding that 
point, ' placed normal to the direction of the lines of force. Thus F 
lines of force will normally pass through a unit area around a point 
There the intensity is F c.^. s. units. The number of Faraday tubes 
that will pass through the same point is calculated as follows : — Consi- 
der a charge Q e. s. u. placed in a medium of specific inductive capacity 
Kt and imagine a sp^rical surface of radius r cms. drawn in the 
field with Q as centre and passing through the point, where, suppose, 
the intensity is F. The number of Faraday tubes passing per unit area 


of the spherical surface => 
4JI Xr^ 4^1 


mm^r of Faraday tubes 

jr 

^ intensity of field — ^ y^F, 

471 


Q 

47ir» 


^ - X number of lines of force. 

471 

Number of Lines of Force associated with Unit Charge. — Consi- 
der a small body having unit charge. If another body having an equal 
like charge be placed in air at a distance of one centimetre, the mutual 
force of repulsion is one dyne. The intensity at this distance is, there- 
fore, unity. If we imagine a sphere to be constructed having a radius 
of 1 cm. with its centre at one of the bodies, the intensity at all 
points on the circumference is unity. Since intensity is unity, 
one line of force, according to definition of intensity in terms 
of line of forcei would pass through each sq. cm. area of the 
sphere. Therefore, the total number of linos of force cutting the sphere 
would be 471. Since all the lines of force that emanate from the unit 
charge must thread through the surface of the sphere, the total number 
of lines of force associated with unit charge is In, 
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According to definition of a unit Faraday tube, only one tube origi- 
nates from unit charge* Therefore a unit Faraday-tube contains 4^® 
lines of force. 



Lines of Force associated with Charged Conductor.— In Art. 16, 

the distribution of 
density of charge 
on a conductor 
has been dis- 
cussed. Fig. 12: 
depicts the lines 
of force associa- 
ted with differ- 
ent types of 
charged conduc- 
tors. In the case of the uniform sphere, the lines are uniformly 
distributed all around the body. At curved ends or pointed places 
in other conductors density cf charge being greater, more hnes are 
assumed to start from such places. 

Examples. 1. — Tv'o small spheres each of vtass one decigram are suspe'nded from 
a point by threads each 60 cms. long. They ate egually charged and they repel each 
other to a distance of 30 cms. If g — 080 cms.jsec,^ , what ts the charge on each ? 

(All. 1930) 


Lines or rorce associated wiU 


Fig. 12 — Distribution of Lines of Force- 


Make a sketch of the arrangement. Let C be the point of suspension. 
The two threads CA and Cl I and the line joining the spheres make an isosceles 
triangle. D is the middle point of AB. The forces acting on one of the 
spheres A are : — 

(i) The weight mg dynes acting downwards at A. (ii) The repulsive 
force g^ld^ in the direction BA (where g is the charge on each, and cZ the 
distance between them), (iii) The tension of the thread in the direction AC. 


Here the forces mg, g'^ld^ and that due to the tension are parallel to the 
sides of the triangle CD A. Hence the forces arc proportional to the sides of 

_g^ld^ DA 


the triangle to which they are parallel. Therefore, wc have, 


7)4 = 10, DC= ^/502-10*-10^/-24, 4Z) = r2-20, ^ 


'mg 
TU gm. 


DC 


" — --xOSOX ; whence 7 — 89*4 units. 

20® 10 10^24 J24 

Z. A small charged sphere is made to touch a similar uncharged sphere suspended 
by a silk thread from the hook of a balance and then held vertically below it. When 
the difference between the centre of the spheres is 5 cms , the apparent loss of weight 
is 0*002 gram. What was the initial charge on the sphere ? 

Let 2Q be the initial charge on the sphere, so that after touching and shar- 
ing charge, charge on each Q, « 
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n2 

The mutual force between them at distance 5 cnis. = -,r = , dynes, 

0 25 

This is equivalent to the apparent reduction in w'cight, i.e. earth's force of 
attraction, of 0*002 gm. wt. “ 0*002 x 981 dynes. 

-j- = 0‘002 X 981 * 1*962 ; whence Q = 7 units (aiqu’ox). 


So the initial charge w'as 14 units. 

3. Two small pith-balls of the same size and the same weight {each O'l grm.) are 
suspended from the same point with silk- fibres, each of 5 cms. length, (hi charging 
them together they repel each other ami their suspensions make an angle of 60f^ . 
Calculate the quantity of electricity on cacti ball {Take ‘» 7 ’ as 980 units.) {Pat. 1939) 


(Proceed as in Kx. 1). Here = 60'’ and the two sides cciual, so the 

A is equilateral. Now proceeding as above we get, 


7 “ 725 _ DA 

980X0 1 DC 


ij3 ^/ 3 ’ 


whence g = 37*59 units. ^ 


21. .Lines of Force in a Few Cases. — There is no convenient 
" "^’ay of mapping the electrig 
lines of force practically. 

In a strong field fhe direc- 
tion of the forces be 
demonstrated by a small 
piece of paper held quite 
loosely on the thin end of a 

glass rod. The diagrams, shown in Figs. 13 to 15, indicate the distribu- 
tion of lines of force in several cases, (a) Fig. 13 represents the elec- 
tric field due to a positively charged spherical conductor placed in the 
centre of a large room. The arrows indicate the positive direction of 
the lines of force. It is evident that the lines are all radial. They 
appear to have originated from the centre of the spherical conductor. 
In the case of a negatively charged conductor the field will be similarly 
/ represented except that the direction of the arrows would be reversed. 
(b) Fig. 14 represents the case of two conducting spheres having equal 
but opposite charges. There is a tendency for the two spheres to 
draw together as the lines of force tend to contract lengthwise, (c) Fig. 
15 shows the case of two spheres having equal positive charges. In 
this case, the lines of force travelling in the same direction repel one 
another sideways, and hence there is repulsion between two like 
charges. There will be a neutral point in this case (marked X)' 
between the two spheres. 



.Note that the lines of force do not pass through a conductor but 
they end on the surface. In the figures, the lines of force are repre- 
sented in one plane but actually they are going in all directions. 
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Inspite of these diagrams it should be remembered that the lines 
of force are only imaginary, they have no actual existence. 

22. Potential. — Suppose, we have two insulated conductors charged 
positively. If they are put into electric communicatfon by means of a 
pair of discharging tongs (Art. 42), or by a metal wire, electricity will 
generally flow from one conductor to the other, but the transference 
of electricity, and the direction in which it will flow, will depend 
on the electric condition of the two conductors ; and, in some cases, 
it may be possible that there will be no transference from one con- 
ductor to the other. 

Let us take two analogous cases from other branches of Physios : — 

(1) The Hydrostatic Analogy : — Consider two cylindrical vessels 
containing water, connected by a tube provided with a stop-cock. On 
opening the stop-cock, it will be found that water flows from the vessel 
in which water- surface has the higher level to the other, even though 
the quantity of water in the first vessel may be less than that in the 
other. There will be no flow if the levels art the same. 

(2) The Temperature Analogy : — If a small copper piece 
be heated red-hot and placed in a bucketful of water at the room 
temperature, heat will flow from the copper piece to the water though 
the total quantity of heat in water may be much greater. Heat flows 
from the copper piece to water only because the former is at a higher 
temperature. There will be no flow of heat from either of them to 
the other if their temperatures were the same. 

The analogy between temperature and potential may be consi- 
dered thus : — 


Temperature 

(а) Temperature is the condi^ 
tion of a body on which the flow 
of heat from it to other bodies, 
or vice versa, depends. 

(б) Heat can be added due to 
which the temperature of a body 
rises, and heat may be taken out 
due to which temperature falls. 


Potential 

(а) Potential is the electric 
condition of a charged body due to 
which electricity tends to pass 
from it to other charged bodies, 
or vice versa. 

(б) Potential of a body is 
raised by successive additions of 
positive electricity, and it is 
lowered by the addition of nega- 
tive charge or withdrawal of 
positive charge. 
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({;) Two bodies at dififerent 
temperatures, when in thermal 
contact, acquire an intermediate 
'^emperature. 

id) Heat, when added to a 
homogeneous conductor, is uni- 
formly distributed throughout the 
conductor at one temperature. 


ie) In measuring temperature, 
two staq/dards are taken, (i) melting 
point temperature of ice, and 
,(ii) boilihg point temperature of 
water. • 

The rela'tion of potential to quantity of electricity is analogous 
to the relation of* pressure to quantity of water, or temperature tO' 
quantity of heat. So electric potential is also termed electric pressure. 
Electricity flows from a conductor at a higher potential to that at a 
lower one until their potentials become equal, when there will be nO' 
further flow. 

• So, the potential of a charged conductor may he defined as the 
electric condition of the body which determines the directio7i of flow of 
electricity, when put in conducting communication with another body. If 
positive electricity flows from it to the other, it is at a higher potential, 
and if positive electricity flows to it from the other, it is at a lower 
potential. It is, therefore, a measure of its electric pressure or level. 

Explanation of Potential from Modern Theory. — Unattached' 
electrons on a charged body repel each other and also repel other 
electrons near them with forces acting in the surrounding medium 
along lines which are termed '^ines of electric force 

It is considered that the medium surrounding a charged body is in 
a state of strain. If the medium be air, then the air, an insulator, is 
considered to possess the power of withstanding this force, or ‘preaBare\. 
due to the mutual repulsion among the electrons of the charged body. 
This pressure is termed electric potential. Conductors may be re- 
garded as media which are unable to support this electric pressure, so* 
there is a movement of the electrons in conductors (see Art. 30), whiohi 
is the reason of electrification by induction (or influence). 


(c) Two conductors at diffe- 
rent potentials, when electrically 
connected, acquire an interme- 
diate potential. 

(d) When a charge is given 
to a conductor, the quantity of 
charge on it may be more at one 
part than at another, depending 
on its shape and neighbourhood of‘ 
other conductors^ but the conduc- 
tor will have the same potential' 
throughout, 

(c) One standard is taken — 
the potential of the* earth, which, 
is taken as zero. 
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23. Potential of the Earth : Positive and Negative Potential. — 

We know that in measuring the temperature of a body by the Centi- 
grade scale, the melting point of ice is taken as the standard, or the 
zero, the temperatures above this point are considered as positive ; 
while those lower than this are considered as negative. Similarly the 
potential of any body is measured with reference to the potential of 
the earth, which is taken as the standard, and whose value is always 
taken to be zero. The justification for this selection is that the 
potential of the earth can not be changed by addition or subtraction 
of charges ; it maintains its potential constant. The potential of a 
positive charge is above the potential of the earth and the potential of 
a negative charge is below that of the earth. 

The electric field around a positively charged body is a region of 
positive potential, the value of which gradually diminishes with the 
increase of distance from tlie charged body. The electric fiel^ around 
a negatively charged body is a region of negative potential^ the value 
of which gradually increases with the increase of distance from the 
charged body. 

So, (i) A positively charged body tends to travel from a point of 
higher potential to that of lower potential, that is, down the gradient of 
potential, and (ii) a negatively charged body tends to travel from a point 
of loiver potential to that of higher potential, because the direction of 
the forces acting on a negatively charged body is opposite to that of 
forces acting on a positively charged body. 

An earth- connected conductor has zero potential. A positively 
charged conductor has a positive potential, and a negatively charged 
conductor has a negative potential. The potential of a conductor 
is considered positive when, if earth connected, the positive electricity 
flows from the conductor to the earth, (according to modern view the 
electrons would iloio in the opposite direction, i.e, from the earth to 
the conductor). The potential of a conductor is considered negative 
when, if earth connected, the positive electricity flows from the earth 
to the conductor (the electron flow would be from the conductor to 
the earth) 

When two charged conductors at different potentials are joined 
together, the flow of electricity from one to the other is entirely a 
matter of relative potential and does not depend on the actual amount 
of electricity present. There will be no flow if they are at the same 
potential, irrespective of the charges present in either. 

24. Measurement of Potential. — Suppose we have a body posi- 
tively charged- with q units of electricity. If another body posi- 
tively charged with q units is brought near it, there will be a force of 
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repulsion between them. The mutual force exerted, when the second 
body is placed at a distance r from the first body, is qq'/r^. To bring 
the second body towards the first body against the force of repulsion, 
^work must be done. Suppose the second body has gob unit quantity of 
positive electricity and is at a very great distance where the 

electrical force due to the first body is negligibly small. As the 
second body is gradually brought towards the positively charged body, 
more and more work will bo done, and the total amount of work done 
in bringing the unit charge of the second body up to any point in the 
field of the first body is taken as a measure of the potential at that point. 

Thus, the potential at any point in an electrical field may he 
defined as the work done by or aqainst electric forces in hrimjinu a unit 
positive charge from an infinite distance up to that point. From this 
it follows that, 

The difference of potential heiiocen two points in aru electric field 
IS the amount of tuork done by or against the electric forces in moving 
a unit positive charge from one point to the other. 

Potential of a cooduclPDr may be measured by the work done in 
bringing a unit positive charge from infinity (point of zero potential) 
to a point close upon the conductor. 

Unit of Potential. ‘—If the work done in bringing a unit positive 
charge from infinity (^.e. a point of zero potential) up to a point is 
1 erg, then the potential of the point is 1 electro-static unit (,E. S. U.). 
This unit has no special name. The practical unit is the volt (see 
Art. 28, Part. VJI) ; 1 volt, E. S. U. 

• Thus, in the c. g. s. system, the difference of potential is measured 
in ergs per unit charge. 

N. B. — The leaves of an electroscope diverge more than a centi- 
metre for a potential difference of about 1000 volts. 

24(a). Potential at a Point due to a Charge.— The potential at 
P due to a charge at A, according to definition, is measured by the 
amount of work done in bringing a unit positive charge from infinity 
up to the point P (Fig. 16.) 

Suppose there is a small spherical conductor at A having a 


charge of +q units. 
Let us find the po- 

A 

P . P. Pz Pz , 


tential at the point 

P at a distance r 
from A. Join A to 

— p _ 

T t ? • • 

1 1 



i 

1 

Tt 


1 



1 

^ • 

the point P and 
produce the straight 
line to infinity. Let 

I?n represent a point at 

*n. 

Fig. 16 

infinity, i.e. at a very great distance 

rn from A 
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upon this straight line. Let the distance {vn ^ r) be divided into a 

largo number of parts PPi, PiPs, Pn-iP/i, each being equal but 

infinitely small. 

The force acting on a unit positive charge at 'P^^q/r*. 
and „ „ „ Pi-q/ri®. 


The average force between P and Pi may bo represented by the 
geometric mean and may be put equal to q/rri (the distance PPi being, 
very small). 


[Alternatively, 


the average force approximately is, 


q/r® + q/rjJ 
2 


“ + :(r,-r)*being 

negligible compared to 2rir — q/rrtJ ‘ ’ 

The work done against electrical forces in moving a unit 
positive charge from Pi to P-avjrage force x distance 


. .9 
rr 




Similarly, the work done in moving the unit positive charge from 
Po to Pi“q( ^ ) ; and so on. In like manner, the work done 

\ri ra / 

in moving the unit positive charge from Pn to Pw-i^qf ^ ” \ 

\Tn - 1 Vn / 


Adding all these terms, the total work done in moving the unit positive 


charge from Pn to P*“q^ ^ ”r~) 




But, if Vr and Vn represent the potentials at distances r and r„ res- 
pectively, the total work done in moving the unit positive charge' 
from r„ to r*= Fr - Vn. 


Vr-Vn 



But since r„ is infinitely large. 


1 


0, and Vn •* 0. Hence Vr 


q 
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That is, the potential at a point distant r from a charge q 

^ Q_^ charge 
r distance ' 

24(b). Potential due to Several Charges. — The potential at a 
point due to several charges etc., at distances ri, etc., respec- 

tively from the point, is the algebraic sum of the potentials due to 
each charge, viz , — 



25. Relation between Electric Force and Potential Difference. — 

Suppose there are two points A and B, having potential Va and Vb 
situated in an electric field and placed at a small distance apart. Of 
these two points, ^ is at a lower potential, so the electric force acts 
from il^to B and is practically uniform, if the distance between A and 
H is small If F be the electric force, and d the distance AB^ we have, 
the potential difference between A and — Fa - Fa which, by dehnition, 
is equal to the work done on a unit positive charge in taking it from 
A to B, But the work done is equal to F x d, 

- Fa 

26. Gold-leaf Electroscope as a Measurer of Potential. — We 

have seen in Art. 4 that in using a gold-leaf electroscope the tin-foils 
Inside the case should be earth connected so that they would have zero 
potential. When a charged body is brought near to, or in contact 
with, the disc, the rod and the leaves acquire a potential due to the 
charged body. The leaves diverge due to the difference of poten- 
tial between the leaves and the case. Each of the leaves moves 
towards the wall of the case near it (being free to do so) on account of 
the difference of potential and a divergence is produced between them- 
selves. This divergence will be a measure of the potential of the disc 
of the electroscope. There will be divergence both for positive and 
negative potentials. If the electroscope be placed on an insulating 
stand and the ^isc is earthed so that the disc and the leaves are 
at zero potential, then the leaves will also diverge when a charged 
body is brought in contact with the tin-foils of the case, due to the 
difference of potential between the leaves and the case. There will 
be no divergence of the leaves, no matter what charge is given to the 
electroscope, when the disc and the case, standing on an insulating slab, 
are joined together. When an electroscope is used to measure poten- 
^Ual, its disc is connected to the charged body, and the case is earthed. 

19 (II) 
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[Note — Tn experiments on electro-statics, each apparatus used 
should be well dried to prevent leakage of electricity along any film of 
moisture. 

• 

An electroscope may also leak when it is too hot, as the ascending 
current of hot air will carry a part of the charge of the central rod as 
it comes in contact with it. I 


27. Proof- plane and Electroscope. — The difference in proce- 
dure in using a proof plane and an electroscope to indicate charge, and 
potential, of conductors should bo very carefully noted. To test charge 
at any point of a conductor, that point is touched with a proof-plane. 
The proof-plane takes off some charge from that point and the charge 
is then transferred to the electroscope when it is touched by the proof- 
plane. The electroscope thus acquires a potential according to the 
charge on the proof- plane. To test potential, however, the conductor 
and the electroscope are put in direct contact through the metallic 
disc of the proof-piano. 



Fig. 17 

not. This shows that all 
conductor are at the same potential, though 
charge may vary from place to place. 


Charged Conductor. — To 


examine the 
distribution of potential over the sur- 
face of a charged conductor, the metal 
part of a proof plane is connected to 
a gold leaf electroscope by a wire, and, 
by means of the insulating handle, 
the metal part is slided over the surface 
of the charged conductor (Fig. 17). The 
divergence of the leaves will be found 
to remain constant for all points of the 
surface, no matter whether the surface 
density be the same at all points or 
parts on the surface of a charged 
the surface density of 


In the case of a charged insulator, differences of potential usually 
exist between various points on the surface. 


Potential Inside a Hollow Conductor. 

It has been already seen that there is no charge on the inner sur- 
face of a charged hollow conductor and hence there is no line of force 
there. For this reason no work is done if a charged body is moved 
within the conductor, and because work is done due to difference of 
potential, there is no difference of potential within it, or, in other 
words, the potential Is constant at all points within a hollow cond/uctor> 
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The following experiment proves that the potential throughout the 
inside of a closed hollow conductor is the same as that on the outside. 
It should be noted that there is no charge on the inside surface, but 
there is a potential — the same as that on the outside, 

Expt. — (l) Place a fairly deep metal can A on an insulating stand 
and charge it positively. Take a glass rod Tl and wrap one end 
of a wire round it and connect the other 
end of the wire to the disc of an electros- 
cope placed at a considerable distance 
away from the charged can so that the can 
may not have any inductive influence on 
the electroscope K, the case B of which is 
earthed and so is at zero potential. Now 
holding the glass rod with hand, introduce 
the cbiied end of it gradually within the 
can an^ notice that the leaves of the 
electroscope gradually ^diverge, which 
reaches a constant value when the coiled 
within the can. ^Moving the rod into various positions within the 
vessel at this stage, it' will be observed that the divergence remains un- 
altered. This shows that the potential throughout the inside of the can 
is the same. If the bare end of the coiled wire at that stage is made 
to touch the can, the divergence of the leaves does not alter. This 
proves that the potential in the hollow is the same as that of the can. 

^ (2) To prove that the potential in the hollow is the same as that 
on the outside of the can, place an uncharged electroscope inside the 
can so that its metallic base connected to the tin-foils inside is in 
contact with the can and its disc is well within the vessel. It will 
be seen that there is no divergence of the leaves proving that the 
potential of the disc, which is in the hollow of the can, is the ^ame as 
that of the base. But the base is in contact with the can and so the 
potential of the base is the same as that of the can itself. So the 
potential of the hollow space is the same as that of the outside surface 
of the can, 

[Note. — If an uncharged body is put well inside the charged hollow 
can, the body, although quite neutral at all parts, will have the 
same potential as the charged can. This is the only instance where 
an object can have a potential, positive or negative, and yet be free 
from any charge. 

If the opening of the hollow can is small, the potential inside 
^tbe can will be found to be the same as that of the can itself ; but this 



Fig. 18 

end of the rod is well 
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does not hold good in the case of a can with a large opening, because 
in that case the inner space is not completely surrounded by the 
electrified conductor.] 

• i 

29. Equipotential Surface. — An equipotential surface is a surface 
on which the potential is the same at all points. From the definition 
of potential it is clear that there cannot be any fiow of electricity 
along an equipotential surface, or, conversely, a surface along which 
there is no flow of electricity is an equipotential surface. Thus 
in statical electricity, the surface of an insulated charged conductor 
is an equipotential surface. For, if this is not the case, there would 
be a difference of potential between certain points on the surface, and 
then a current would flow from tho points of higher to those of lower 
potential and the electricity would no longer be statical. Since every 
point is at the same potential, no work is done in moving a charge 
from one point to another on an equipotential surface. So, there is no 
component of electric intensity along the surface. Hence, the lines of 

force (which start normally from a charged- 
conductor) cut an equipotential surface 
everywhere at right angles. 

In the case of a single charge concen- 
trated at a point, or a charged spherical 
body, equipotential surfaces are spherical 
surfaces concentric with the point or tho 
sphere. In Fig. 18 (a), is a point charge 
round which concentric equipotential sui:* 
faces, having potentials V VB^ Fc, etc., 
jf have been drawn at successively greater 

distances. The lines of force, marked Et 
Fig. 18(a) radiate out in all directions uniformly and 

are at right angles to the equipotential surfaces. In other cases, the , 
equipotential surfaces have no definite form. 

29(a). Tho following experiment can bo performed to show that 

the surface of an electrified conductor is an equipotential surface. 

Expt. — Take any insulated pear-shaped conductor (as in Fig. 17) 
charged with electricity and make the experiment as described in 
Art. 28. The gold leaves will indicate the same divergence as the 
proof-plane is slided along the different points on the surface inspite 
of the fact that the surface density at the pointed end is greater, i,e. 
there is more electricity at the pointed end than at the rounded end. 
The equal and constant divergence shows that, after the leaves have 
diverged, there is no transference of electricity between the conductor 
and the electroscope. Hence the potential of every point of the con* » 
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ductor and that of the charged electroscope must he the same, or, in 
other words, the surface of the conductor is equipotential. 

29(b). A Line of force at any point is Perpendicular to an Equi- 
.viotential surface passing through that point. — Let OE represent a 



force through a point 0 on a charged con- 
ductor AB^ where the intensity of 
the field is jF’ [Pig. 18(b)J. Suppose a 
unit charge is moved through a distance I 
in the direction OD which makes an angle 
0 with OE, Then the work done “ force 
in the direction OD x distance * F cosO x 1. 
The work done will be zero, when 0 “ 90", i.e. 


Fig. 18 (by 


in a direction normal to OE. The trace 
of the surface normal to OE, along which 


the work is zero, gives, accoi;ding to defini- 
tion, tho*equipotential surface through 0. That is, a line of force and 
an equipotential surface are perpendicular to each other. 

30. Explanation of Etectric Induction by Potential : Free and 
Induced Potential — Suppose ^4 is a positively charged body (Pig. 19). 
Then the conduator A has a positive potential due to its own charge. 


and it is spoken of 
as its free poten- 
tial. The space 
surrounding A ac- 
quires a positive 
^tential which 



diminishes quickly w C B C 6 c 

near about the 
charged body A, 
and then more 
slowly as the dis- 
tance increases 
from A. Now con- 
sider two points B 
and C [Pig. 19fa)l 
in the surrounding 
medium (air) ; both 
of which will acquire positive potential, the potential at B being 
greater than that at C, (c/. V^qlr). The difference of potentiali 
or electric pressure, between B and C will tend to move electricity 
from B towards C, but the medium being non-oonduoting 
there cannot be any flow of electricity in it as in the case of a 
/conductor. The medium will set up an opposing force against the 
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forward electric pressure and will balance it. Thus the insulating 
medium is strained. 

If now an insulated conductor takes up the position BG [Fig. 19(b)r 
2], electricity will at once flow from B to 0, due to the difference of' 
potential between B and C, until the potential is uniform over the 
whole conductor. This is because a conductor cannot set up any oppo~ 
sing force like an insulator and so there is a flow of electricity. The 
result is that there will be a deflcit, or negative charge, at the end B and 
surplus, or positive charge, at C. The phenomenon is known as indue- 
tive displacement. 

It should be noted that BC has no charge as a whole but is at a 
positive potential due to the presence of the charged body A. This is 
called an induced potential produced by the inductive influence of A 
acting through the medium air (di-electric). The induced potential of 
BG will be positive or negative according as the potential of A is 
positive or negative. 

If now BG is earthed, positive charge^ flows to the earth and the 
potential becomes zero, though it has a negative charge [Fig. 19(b), 3]. 
It will be found that a greater negative charge appears at B when BC 
is earthed, as then electricity flows out of the conductor to the earth 
until it will have such a negative charge that the negative potential on 
BC due to this negative charge becomes exactly equal to the positive 
potential due to At so that the actual potential of BC is zero. If A 
be now removed and BC disconnected from the earth, the negative 
charge of BG is distributed on its surface and it is at a free negative 
potmtial due to its own negative charge [Fig. 19(b), 4]. 

30(a). Explanation by Electron Theory.— It should be said that, 
due to difference of potential, electrons move from points of lower po- 
tential to points of higher potential, i e. from the end C to the end B 
[Fig. I9(b)2]. So the end B having a surplus of electrons becomes nega- 
tively charged and the end C having a deficit of electrons becomes 
positively charged. Again when BG is earthed [Fig. 19(b), 3], electrons 
flow from the earth to it and the potential becomes zero. If A be now 
removed and the earth- connection is disconnected the surplus electrons 
which have come from the earth are distributed on BG, which conse- 
quently becomes charged negatively and acquires a free negative 
potential. [Fig. 19(b), 4]. 

Potential Diagrams. — The facts stated above are graphically 
represented in Fig. 19(c), where the horizontal line represents the zero 
potential. The potential at other points are plotted according to their 
values which are represent^ by ordinates at different distances. It 
sboiald be noticed thfkt the potential of a conductor is uniform and there 
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ts a quick reduction of potential near a conductor, after which the reduc^ 
tion is gradual. Negative potentials are represented by ordinates below 
the horizontal line. 


. 31. Explanation of Electric Induction by Lines of Force. — 

Case I — Suppose a positively charged glass-rod A is brought near 
one end B of an insulated uncharged conductor BG [Pig. 20(^).] In the 


absence of the conductor BG electric 
lines of force will proceed from the 
positively charged rod A and will 
travel through air up to the walls of 
the room, but as soon as BG is 
brought near it, some of the lines of 
force will travel through BG, as a 
conductor provides a path of much 
less 'Resistance than air. The end B, 
where the lines of force enter, acquires 
a negative charge and the end G, where 
tney leave the conductor,® acquires a 
positive charge ; and since BG as a 
whole is neutral^ as many lines of 
force leave the end 6' as enter at B, 
So the induced positive and negative 
cliarges are equal. 

Notice, in Fig. 2000, that all the 
lines of force proceeding from A do 
not terminate on B ; some of them 



proceed and end on the walls of the 




room. This shows that the total on 

positive charge on A is greater than the 

induced negative charge at the end B. This is always the case unless 
the inducing body is completely surrounded by the induced body 
(see Art. 14). 


Gase II — When BG is earthed fPig. 20 (m)], its potential is re- 
duced to zero and the lines of force from G disappear, that is, the free 
positive charge is neutralised, and many lines of force, which formerly 
passed direct to the walls of the room, which are at zero potential, 
now traverse a shorter distance to the end B, which is also at zero 
potential, thus increasing the number of lines of force entering the 
conductor at B. So the negative charge at B is slightly increased. 

Case III — When the earth connection is cut off and the charged 
^lass-rod is removed to a distance, the lines of force terminating at B 
^spread uniformly over the surface of the conductor, that is, the nega- 
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tive charge is distributed all over the conductor [Fig. 20(ni)]. Note 
that in this case lines of force proceed from the walls of the room 
towards BC. 

» 

31(a). — Explanation of Charging a Gold-leaf Electroscope by* 
Induction in terms of Lines of force. — The charging of a gold-leaf 
electroscope by induction can be explained in terms of lines of force 
proceeding as in Art. 31. The figure 21 gives the three cases corres- 
ponding to that article leading to the charging of the electroscope 
negatively by induction, the two tin-foils within the electroscope 
having been shown to be permanently connected to the earth. 





Fig. 21 — Charging a Gold-leaf Electroscope by Induction 

Explanation. — When the positively charged rod is brought near the 
disc of the uncharged electroscope, a number of lines of force starting 
from the rod terminates on the disc. As the disc, the brass rod, and 
the leaves of the electroscope form one conductor, the number of lines 
of force emerging out of the positively charged leaves and terminating 
on the earth-connected tin-foils within the electroscope is the same 
as the number ending on the disc. The tin-foils facing the leaves are 
thus negatively charged by induction, the positive being neutralised 
by flow of electrons from the earth. These lines of force which are 
supposed to have a force of tension drag the leaves apart as in Fig. 21(i). 
In Fig. 2l(n), the disc is touched and the positive charge on the 
leaves is neutralised and the lines of force between the leaves and 
the tin-foils vanish, and so the leaves now having no tension collapse. 
In Fig. 21(in), the charged rod is taken away and the negative charge 
on the disc is distributed all over the conducting parts. This time the 
leaves being negatively charged, the tin-foils become positively charged 
by induction. The lines of force starting from the tin-foils terminate 
on the leaves and draw the leaves apart. 
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Explanation of Faraday’s lee-pail Experiment by Lines of 
Force : — As the charged ball A is gradually introduced within the can, 
more and more of the lines of force started from the charged ball will 
-"ud on the can. If the ball is not sufficiently inside, the induction 



(a) • (b) 


Fig. 22 

in the can is bound to be incomplete, for all the lines of force will not 
terminate on the can [Fig. 22(a)]. When the ball is almost surrounded 
by the can, all the lines of force emanating from it must end on the 
inside ot the can [Fig. 22(6)], and so the induction will be maximum. 
Since a line of force starts from a positive charge and end on an equal 
opposite charge, the inducing charge is equal to the induced opposite 
charge. 

Esramples. — 1. Charges of 5, —4, 5 and 6 units are placed at the corners 
O, D respectively of a square^ each of whose sides is equal to 10 cms. Find the 
Xiotential of the middle point of the square. 

Distance of the middle point from each of the corners of the square* 10/i»y2 


Tr - 8>/2 . - 4 >/ 2 ' 5^/V 10^2 _ 

10 ^ 10 10 


1‘414 units. 


2. A hollow spherical conductor^ whose radius is one decimetre is charged with 
10 units of electricity. Fimd the potential (a) at the surface of the sphere , (b) inside it, 
and (c) at a point 25 cms. from the centre. (C. U. 1984} 

(a) One decimetre — 10 cms. Potential V= E. S.U. 

r 10 


(6) The same as that on the outside, i.e, 1. E. S. U. 

/ (c) F— ^-J? =0-4E. 8. U. 

r 26 
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3. Find the work done when a charge of ^ 10 units u removed from any point A ^ 
at a distance of 10 cuts., to another point J5, at a distance of 20 cnis.f from a charge of 
80 units. 

Potential at -<'1 = Fo "f8“8 5 Potential at Fa 

Potential difference* Va “Fa = 8—4-4 

The work done in removing - 10 units* 4 X - 10* - 40 ergs. 

The work is negative because the electric attraction resists the movement 
of the charge as it is moved from a higher to a lower potential. 

82. Electrostatic Screens. — If it is necessary to shield any 
delicate instrument from the disturbing effects of other charged 
bodies, the instrument may be placed inside a hollow conductor, 
because there can he no induced charge inside the hollow conductor 
due to exterior charges. A hollow conductor serves as a screen 
whether insulated or earthed. 

In order to protect a delicate instrument,, like a gold-leaf electro- 
scope, from the action of a charged body, an earthed metallic plate 

may be interptsed between them as in 
Fig. 22(c). The lines of force from the 
body are all intercepted by the plate 
and thus the instrument is screened. 

38. Magnetic and Electric Pheno- 
mena Compared. — 

(l) Generation. — Artificial magnete 
can be prepared by rubbing a rod of iron 
or steel with lodestones or powerfuf 
artificial magnets. Electricity can be 
developed by rubbing two dissimilar 
substances, but in this case the rubber 
and the rubbed both get electric 
charges in equal and opposite quantities. 

(2) Distribution. — The magnetism of a magnet is almost entirely 
localised at the two poles, but electric charge is distributed all over the 
surface of any charged conductor ; the distribution, however, depends 
upon the shape of the conductor. There is no relation between the 
shape of a magnet and the distribution of magnetism on it. 

(3) Laws of Force. — The laws of attraction and repulsion are 
almost similar in the two cases. 

(4) Magnets and Charged bodies. — (a) A magnet attracts 
magnetic substances only ; a charged body attracts any light object. 
<h) A freely suspended magnet turns in a particular direction, a 
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charged body does not. (c) Each magnet has two kinds of magne- 
tism, but a charged body has one charge only (except in the case of 
induced charge) ; that is, magnetic poles cannot be separated (see 
Art. 12, Part V.), but we can separate positive electricity from negative 
electricity, (d) Magnetism of a magnet is not lost by touching it 
with the hand, but a charged body is discharged in this way. 

(5) Magnetic and Electric Induction. — For the comparison of 
magnetic and electric induction, see Art. 12. 

(6) Lines of Force. — The general behaviour of the magnetic and’ 
electric lines of force is almost the same, though there are some im- 
portant differences (vide Art. 17). 


. ^ Questions 

Art. 17. 

1, Explain clearly the rnqaning of an electric line of force. How does it 

differ from a magnetic line of force ? (Pat. 1936). 

Art. 18. 

2. State the laws of 'action between charges. 


A and B are two small spheres charged witli +9 and +16 units of 
electricity respectively. The distance between them is 28 cms. How far 
from A along the line aB will the intensities due to the charges be eciual. 

(0. U. 1947) 

• [Ans : 12 cms, from A towards B ; as also 84 cms. from A away from 5] 

2. (a) State carefully Coulomb’s laws of force between electric charges 
and hence show how the idea of an electrostatic unit of charge is derived. 

(Pat. 1944 ; cf. All. ’44) 

3. Two small equal spheres carrying charges of 5 and 10 units are placed 
^ 20 cms. apart. Find the force they exert on each other, (a) before, (6) after 

^ ‘ they have been connected for a moment by a fine wire. (L.M.) 

[Ans : h A dyne.l 

4; Two small pith-balls hanging by silk fibres 30 cms. long from the same 
point are given equal charges and repel each other to a distance of 6 cms. If 
the pith-balls weigh 10 milligrams each, find the charge on each. (L. G. S.) * 

[Ans, : ± 6 C. G. S. units.) 

5. Two small metallic spheres each weighing 5 gins, are suspended from 
a point by two strings of negligible weight and each of length 30 cms. When 
the spheres are charged with equal quantities of electricity, the two strings 
make an angle of 30” with each other. Find the amount of charge on each • 
of the spheres. (Pat. 1927)' 

i [Ans, : 668*22 units.] 
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Art. 20. 

5 (a). Define “Electric Field at a point”. -4, B and G* are the three 
corners of an equilateral triangle whose sides are each 5 cms. in length. Two 
point charges of +100 and — 100 e.s. units are placed at A aifd B respectively. 
Find the direction and magnitude of the resultant electric field at C. 

[Ann. : 4 units ; 60° with the base CB]. (All. 1946) 

Art. 22. 

6. What do you mean by potential of a conductor ? 

(C. U. 1920, ’26, ’31 ; Pat. 1928, ’43, ’48) 

6. (a). Explain “electric potential”. (Pat. 1946) 

Art. 24. 

7. Prove that the electric potential at a point due to a charge concentra- 
ted at a point is inversely proportional to the distance from the centre. 

(Of. Pat. 1939) 

8. A hollow, spherical conductor, whose radius is one decimetre, is charged 

with 10 units of electricity. Find the potential (^)"at the surface of the sphere, 
(6) at a point 25 cms. distant from the centre. (C. U, 1934) 

[Ans. : (a) 1 E. S. U. ; 0*4 E. S. U.] 

9. Obtain the value of the potential at a point due to a single electric 

charge + ry at a distance r from it. (C. U. 1934 ; Pat. 1948) 

9 (a). ABCJJ is a sq. of 20 cms. side. Positive charges 6, 12 and 24 e.s. 
units are placed at the points A, B and (J. Calculate the work reqd. to 
transfer a unit positive charge from I) to the centre of the square. 

[Ans. : 0'75 units]. (Pat. 1946) 

Art. 28, 

10. Charges of 10 E. S, U. of positive electricity are placed at the four 
corners of a square each side of which is 8 cms. Calculate the potential at the 
point of intersection of the diagonals. 

[Ans. : 5 ^2 E. S. U.] (Pat. 1943) 

11. You are given an insulated charged hollow pear-shaped conductor in 
which a hole has been drilled at the top. How would you proceed to investi- 
gate (i) the surface density of the charge on (a) the outside, (b) the inside 
surfaces of the conductor ; (ii) the potential of {a) the outside, (b) the inside 
surfaces ? What results would you expect ? Give your reasons. 

(Pat. 1924 ; cf. C. U. 1917) 

12. Describe expts. to show that the potential is the same throughout the 
whole space in the interior of a hollow charged conductor, and that it is the 

-same as that of the conductor itself* (Pat. 1948} 

13. An insulated ice-pail and an insulated brass ball are both charged with 
positive electricity, the pail to a high potential, the ball to a low potential. 

"The ball is then brought close to the pail and lowered into it without touching ^ 
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until the bottom is reached. After contact the ball is removed. Describe 
the changes in the potential both of the ball and the pail, (a) before contact, 
(&) on contact, and (c) after removal. (Pat. 1930) 

[Hints • — (a) The potential of the ball increases until it reaches the bottom ; 
(6) the potential is the same, (r) the potential of the ball is zero and that of 
the pail increases still more.] 

14. Describe an experiment to show that the surface of an electrified 

conductor is an equipotential surface. (C.U. 1926 ; Cf. Pat. ’39) 

Art. 30. 

15. What is meant by electro-static induction Explain this phenomenon 

by considering potential. How would you proceed to prove that the total 
charge induced is always equal to the inducing electrification. (Pat. 1936) . 

Art. 31. 

16. How would you charge a gold-leaf electroscope positively by the 

method^ of induction ? State generally the condition of electroscope during 
the different stages of the above experiment regarding the following points : — 
(rti) the total charge on the electroscope ; (b) its potential ; (c) the divergence 
C* its leaves. (See also Art. ii). (Pat. 1929) 

Art. 32. 

17. An electroscope is surrounded by a cylinder of wire gauge which 
is put to earth. If an electrified body is brought near to it, how will the 
leaves behave ? 

[Hints. If the wire gliuge cylinder completely surrounds the electroscope, 
then, on bringing the electrified body near to it, opposite charge will be 
induced on the outside and similar charge will escape to the earth. The elec- 
t#oscope is unaffected.] 


CHAPTER IV 

Capacity : Condensers 

34. Capacity and Potential. — We know that every body has a 
capacity for receiving heat, known as the thermal capacity of the body, 
which is the quantity of heat required to raise the temperature of the 
body through one degree. Similarly, electrical capacity of a conductor 
IS measured hy the quantity of charge required to raise the potential of 
U he conductor by one unit. Thus, if C be the capacity of a conductor 
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whioh is raised to a potential F by a quantity of electricity Q, 
have, O“0/F; or Q“0F ; or, expressed in \7ords, 

Ch arge , 

Capacity Potential ' 


we 


Unit of Capacity. — In the above relation, if 1 and F— 1, then 
C= 1. Thus, a co7iductor is said to have a capacity of one electro -static 
imit (e. 8 . u.) when one electrostatic tmit of charge raises its potential 
by unity. 

The practical unit of capacity is a Farad. A conductor has a 
capacity of 1 farads if a charge of one coulomb of electricity raises its 
potential by 1 volt. 

A farad is rather too large a unit for ordinary purposes ; so the 
usual unit is one- millionth (10“") of a farad, which is called a* micro- 
farad ; 1 farad “ 10® micro-farads. 

It should be noted that the farad is founded on the electro-magnetic 
system of units, being derived from the volt and coulomb (see 
Part VII., Oh. IV). 

1 farad “9 x 10^ ^electro-static units of capacity. 

1 micro- farad -9 X 10® ,, „ 

35. Capacity of a Conductor depends upon its Surface Area. 

— This can be shown by taking a sheet of tin-foil T attached to a roller 

of glass G, at the lower end of which a 
small load L is provided in order to keep 
the sheet stretched (Fig. 23). The sheet 
can be rolled up or down. Connect the 
lower end of the sheet with an electroscope 
Tj by means of a wire and charge it when 
unrolled. Notice the amount of divergence, 
which indicates the potential of the sheet 
due to the charge given to it. As the 
sheet is rolled up, the area of the exposed 
surface is diminished and the divergence of the leaves will be found to 
increase indicating rise of potential. This shows that the capacity has 
diminished^ for the quantity of electricity remained the same. It is 
also clear from the relation C^QIV that when V is greater, C is less, 
Q remaining constant. As the sheet is rolled down, area of the surface 
will be increased, and the divergence of the leaves will be found to 
diminish indicating fall of potential. This means that the capacity 
increased, the quantity having remained the same. Thus the 
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capacity of a conductor depends upon the area ; it increases as the area 
increases and decreases as the area decreases. 


36. (a) Capacity of a Sphere.- -Let a sphere of a radius r 
LFig. 23 (a)l be charged with units. The potential at any external 
point due to the sphere at a dis- 
tance of d cms. from the centre of 
the sphere* Therefore the 

potential of points on the surface 
of the sphere — that is, the poten- 
tial of the sphere, 

V " — ; So, the capacity C * ^ 
r V 

Qh’ • 




Or, the capacity of a sphere is equal to its radius. 

When it is said that th% capacity of a conductor is 1 cm., it means 
that its capacity is equal to the capacity of a spherical conductor of 
radius 1 cm. * 

The capacity of a sphere of 1 inch radius is about 0‘0000028 
micro-farad. 


(b) Surface Density of Charged Spheres —Consider two 

S niformly charged spheres of radii and 7*21 placed at a considerable 
istance apart, charged with Qi and units respectively and joined 
by a long fine wire. If Ci and G 2 be their capacities and V their 
common potential, we have (Ji “ CiF and ©2 “ ^> 2 ^ ; 

: ^2 “ Cl • ^2 “^1 : ^ 2 , t.e, the charges of the spheres^ like 
the capacities^ are directly as their radii. 

Now, denoting the surface densities of the spheres as Px and P 2 , 
we have. Pi : P2“Qi/4«^i® : (see Art. 16)-ri/Vi* : rg/ra®. 

= ra : ri, 

i.e. the surface densities are inversely as the radii. 

37. Potential Energy of a Charge. — The potential of a conductor 
placed at a point in an electric field due to a given charge should be 
clearly distinguished from the potential energy of a charged conductor. 
The potential of a charged conductor is the work necessary to bring 
a unit positive charge from infinity up to a point close upon the 
/Conductor, but the potential energy of the charge is the total electrical 
' work done in charging the conductor. 
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If a conductor is charged with Q units and has got a potential Vr 
the work done in bringing a positive unit of electricity from infinity 
up to a point close upon the conductor is denoted by F, and, in bring- 
ing Q units, the work done will be denoted by QF, supposing that V all 
along remains constant. But this is not the case when a conductor is 
charged to Q units beginning from its uncharged state. With charging,, 
the potential gradually rises from 0 to the final value F, just as the 
level of water in a tank is not attained all at once but gradually from 
zero to the final value with addition of water. 

Suppose the total charge Q is given to the conductor by a large 
number of small charges, so the potential of the conductor rises from 
0 to F in proportion to the charge carried ; so the average value of 
potential during the process of charging ■= (^) + F)/2 " F/2. Hence the 
work done in charging the conductor =■ x F/2 “^QF ; and this re- 
presents the potential energy of a charge Q at potential F. The 
energy A' can bo expressed in three ways — 

(i) i?“^QF ergs. For a conductor whose capacity is C, we have 
Q = CF. (ii) E = i GVy< F-iCF® ergi. 

Again, (m) K = erga. 


The work done in the process of charging a conductor is stored up 
as the potential energy of the charge, and the spark which usually 
accompanies the discharge of a conductor proves the existence of this 
energy which is thus dissipated in the form of heat, sound, etc. 


38. Principle of Condensers. — The capacity of a conductor depends 
not only on the shape or size of the conductor or the medium in which 


A 


B 


C 


D 


+ • 

4 - 


fa) 




it is placed but also on its 
position with respect to other 
conductors. Let an insulated 
metal plate A be connected 
to an electric machine (Fig. 24),. 
and let the plate be fully 
charged to a potential + F. 
On bringing a similar metal 
plate B near it, induction will 
take place, the near side will be 
negatively charged, and the far 
side positively charged [Fig* 
24(ayj. Now the negative charge on B tends to diminish the poten- 
of A, while the positive charge tends to increase it. But the negatively 
charged surface being nearer, the potential of A on the whole is 


(h) 

Fig. 24 — Action of Parallel 
Plate condenser 
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lowered a lifctle, which means that the capacity of A is increased a 
little, for it is evident from the mathematical relation 0'"Q/V, that as V 
diminishes C increases. The capacity of A having increased, it is now 
\h\e to take a slight additional charge. 

If B is now earthed, the positive charge on the far side of it dis- 
appears [Fig. 24 (b)J, and the opposing influence being absent, the 
potential of A is further lowered, so the capacity of A is also further 
increased and, consequently, it will now receive a much greater charge 
from the machine. Hence, it is seen that though it is not essential 
that the condensing plate B should be earthed, it is better to have an 
earthed condensing plate. 

Such an arrangement, hij which the capacity of an insulated charged 
conductor is increased arfificially by bringing an earthed conductor near 
it, IS called a condenser. 

The above condenser is known as a Parallel Plale Condenser. 
Similarly, a condenser can consist of two concentric spheres (one of 
them being earth-connected) having an insulating medium between 
'^i.hem. Such a condenser called a Spherical condenser. 

Experiments on Capacity. — (i) Connect the insulated metal plate 
A (Pig. 24) by means of a fine wire with a gold-leaf electroscope. 
Remove B , charge A positively and observe the amount of divergence 
of the leaves Hold in the hand a metal plate much smaller than A 
at a distance, say, 10 cms. apart in front of A. Notice the diminution 
of divergence. Now remove the small plate and replace it by an un- 
charged and insulated plate B which is much larger in size. The 
divergence is still more diminished, which shows that the potential 
of A has decreased. But the charge on A is the same as before, so it 
shows that by bringing an insulated conductor near it the capacity of 
the conductor has been increased (^”=^/0), but the potential has 
diminished. 

{h) Now connect B to earth and notice that the divergence de 
creases still further. The quantity of charge 
on A remains unaltered, and so this shows 
that the capacity of A has increased fuithei 
due to the presence of the plate B when 
connected to earth. 

[Parallel Plate Condenser — Two con- 
ducting plates A and B placed parallel to 
bach other at a small distance between them, 
which can be conveniently adjusted, is 
known as a parallel ptate condenser 
(Fig. 25). Suppose A is insulated and con- 
/iiected to a gold-leaf electroscope while B 
\id adjustable and connected to earth]. 

20 (II) 


JSl 

Fig. 25 — Parallel Plate 
Condenser 
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fiiU Bring B nearer and notice that the divergence goes on 
decreasing. Now slowly increase the distance of B from A and notice 
the increase of divergence of the leaves. Thus we see thst hy decreasing 
the distance between the plates, the potential is decreased, the 
capacity is increased, the charge on A remaining unaltered. Hence, the 
capacity of a condenser is inversely proportional to the distance 
between the plates. 

Hv) Now keeping the distance between the plates A and B fixed, 
carefully insert between the plates a square slab of glass D and notice 
the diminution of divergence. By inserting between the plates slabs of 
different materials,, such as paraffin, mica, ebonite, shellac, etc., decrease 
in divergence by different amounts will be noticed, which shows that 
the capacity depends much upon the medium (di electric) between 
the plates. 


Thus, the capacity of a condenser depends upon U) the area of the 
two conductors [vide Art. 35 or expts. (i) and ^?ii) above] ; the larger the 
plate the larger will be its capacity, (it) the distance hetiveen the 'plates^ 
and (iii) the medium (di-electric) between them. 


38(a). Field between the Plates of a Parallel Plate Condenser. — 

Fig. 26 represents the field of force of a parallel plate condenser. 



(a) (b) (c) 


Fig. 26(a) represents the distribu- 
tion of lines of force on the charged 
plate A alone. Fig. 26fb) shows the> 
distribution when the condensing 
plate B is brought near A, At 
the edges a few lines of force are 
bent due to lateral pressure of 
the lines of force. Fig. 26 (c) 
shows the distribution when the 


Fig. 26 — Lines of force diagram of a plates are closer. The closer the 
Parallel Plate Condenser plates, the less is the bending of 

the lines of force. In this case the lack of uniformity of the field 


between the plates is slight, i,e. the effective area of the plate is 


increased. 


39. Specific Inductive Capacity —It has been found that glass,^ 
paraffin, mica, ebonite, shellac, etc., used as di-electrics, instead of air,^ 
increase the capacity of a condenser, and so they are said to have a 
higher Specific Inductive Capacity (S. I. C.), which is defined as the 
ratio of the capacity of a condenser with any di-electric other than air 
io its capacity with air as the di-electrio^ i.e , — 
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SpeoiOo inductive capacity (S. I. G.) of any di-electric x 

Capacity of any condenser with any di-electric x 


~k- 


Capacity of same condenser with air as di-electric' 

Sith d\*-electrte 1 ‘ Capacity of a similar air-eondenser. 

Thus, the capacity of a condenser is proportional to the value of 
the S. I. C. of the material used. For this reason the capacity of a 
condenser is greatly increased with glass (S. I. C. = 8'46 to 10) or mica 
(S. I. 0. ■= 6*64) as the di-electric instead of air (S. I. C. = l). 

Determination of S. I. C. of a Di-eleetric.— 

Faraday’s Experiment. — In order to determine the S. I. C. of a 
di-electric, Faraday took two exactly similar spherical condensers, one 
of which is shown in Fig. 27. Each condenser 
had an inner metallic sphere A fixed concentri- 
cally within an outer metallic shell B, which 
is made df two hemi-spheres separable at B about 
the horizontal plane. The Inner sphere is con- 
nected by a metallic collar to the external knob 
K. The collar parses through a thick plug C of 
shellac or sulphur by ^hich it is very well insu- 
lated from the outer shell. By taking the two 
halves apart, the di -electric concerned is packed 
within the inner space between the two spheres. 

In case of a gaseous di-electric, the air in the 
iiftervening space is first pumped out through the 
stop cock T and then the gas is pumped in. The 
method is suitable for solids in the form of 
powder, liquids and gases. The space between 
the two spheres in one of the condensers contain- 
air, while that in the other was filled with 
the di-electric whose S. I. C. was to be determined, 
was charged with Q units of electricity and its potential V was deter- 
mined with the help of a gold-leaf electroscope connected to the 
knob K It was then connected with the other condenser, and the 
common potential V' was determined as before. 

Now, if Cl be the capacity of the air condenser and Cg that of the 
other, we have, Ci7“ Q* (Ci + C 2 )V' 

d and d' are the divergences of the electroscope before and after sharing 
.'ii charges. 



? od 


' Fig. 27 
The air condenser 
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By filling the second condenser with different di-electrics the ratio 
Ca/Ci will be different. 

Insulators and Di-electrica. — It should be remembered that all^ • 
di- electrics are insulators. We call them insulators when we refer to 
the fact that they do not allow electricity to flow along them, and we 
call them di-electrics when we refer to the fact that they allow the- 
transmission of electrical influence to take place through them, and,, 
in fact, the d? -electrics themselves play an important part in the action. 

40(a). Factors determining Capacity of a Conductor. — It is 
evident from the experiments of Art. 38 that the capacity of a given 
conductor is the least when it is isolated, that is, when there is no 
other conductor in its neighbourhood. The capacity of a conductor 
may bo increased in the following ways : — 

(1) By increasing its area (see Art. 35) , (2) By l^ringing 

near it. (i) an insulated conductor [see expfw(i), Art. 38j ; (ii) an earth-^ 
connected conductor Tsoo oxpt. (ii). Art. 38] ;Kin) It is also increased by 
decreasing the distance between the plates [see e^pt. (iii) Art. 38] ; 
{iv) an uncharged di-electric [see expt. (iv), Art. 38]. 

40(b). Factors determining Potential of a Conductor. — 

(i) The potential of a conductor increases or decreases propor- 
tionately with the amount of charge given to it o-r taken from it. P(y 
a given amount of charge, the potential is inversely proportional to the 
capacity of a conductor, which is evident from the equation, G^QjV. 

{ii) The potential of a conductor is diminished (but capacity 
increased) by bringing another conductor, insulated or eanrthed, near it 
Tsee expt. (i), Art. 38!. < 

{ill) A definite amount of charge being given to a conductor, its 
potential will depend upon the size of the conductor. If the size 
increases, its potential diminishes (but capacity increases), and if the 
size diminishes, its potential increases (but capacity diminishes^ 
7-Q/C). 

{iv) The potential of a charged conductor depends upon the 
the nature of the di-electnc surrounding it [see expt. (iv) of Art. 38]. 

41(a). Distribution of Charges at the same Potential.— Suppose 
two conductors A and B of capacities CTi and are in electrical)^ 
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contact [Fig. 27(a)]. If a charge be given to any of them, the 
•charge will be distributed between them according to their capacities. 
Because the conductors are in contact, they acquire the same potential. 
Let the common potential be F, and let be their charges. 

Then the total charge 



Note. — It is to be noticed that in this case, the two spheres have 
the same potential, but diff^ent charges, on them. 

41(b). Sharing of Charges between two Conductors at Different 
Potentials. — Siijlpose two conductors A and B have capacities Ci and 
O 2 and charges Qx afid respectively [Fig. 27 (a) J. The potential 
Vx of A—qxIci; the potential ^2 of B — Let r/i+qfg 

« Q-Ci?;i +CaV2. 


Connect A and by a line long metallic wire. Suppose is 
greater than So some charge flows from A to B until the two 
•conductors attain a common potential v. Now t?i>x;>U 2 . Let (/' 
and q* be the charges now possessed by A and B respectively, after 
sharing of charges. Then, supposing there is no loss of charge on 
sharing, we must have qx + q^ * g" + q' — Q. 


Now, V 


q' ^ q" „q ^ _Q ^Cxyi-^C2V2 

Cl Cg C1+C2 Cl +C2 C1+C3 


'Cl X 




-c, X 


Q 

Cj c. 


( 1 ) 

( 2 ) 


The amount of charge that will flow from A to B will be 
■ ^ 1 " “ CiVi - CiV • CiCvi - v) 

-charge lost by il- charge gained by i3. ... (8) 

42. Leyden Jar. — The Leyden Jar (Fig. 28), so called as it was 
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first constructed at Leyden, is a very well-known type of condenser. 
It consists of a glass jar having inner and outer 
coatings of tin-foil. The coatings cover the bottom and 
the side upto 2 or 3 inches from the edge. The inner 
coating is connected through a metallic chain with 
vertical brass rod passing through an insulating cover of 
the jar and terminated above by a knob. The inner and 
outer coatings are like the two plates of a parallel plate 
condenser with glass as di-electric separating them. 

The capacity of an ordinary-sized Leyden jar is about 
0'0025 micro-farad. 

Charge of Leyden jar. — To charge the Jar with 
positive electricity, the inner coating is connected 
with the prime (positive) conductor of an electric machine 28 

(Art. 52), and the outer coating is connected to the Leyden Jar 
earth. The inner coating receives positive charge, and • 
negative charge is induced on the inner surface of the outer coating, 
the induced positive charge of the outer 8ur(^iCe being neutralised by • 
electrons from the earth. To charge the jar negatively, the inner 
coating or the knob is connected with the negative terminal of the 
machine, the outer coating being connected to the earth. 

To discharge a Leyden jar, the usual way is to connect the 
two plates by moans of a special discharger, called the discharging 

tongs or discharger (Fig. 29). This 
consists of a pair of bent brass rods witl^ 
a brass knob at each end, having an 
insulated handle and working on a hinge. 
Fig. 29— Discharger so that the distance between 

the knobs can be adjusted according to 
necessity. In Fig. 30, it has been shown 
how a Leyden jar can be discharged with 
the discharger referred to in Fig. 29. 

43. Dissected Leyden Jar : Seat 
of Charge. — It is the di-electric of a 
condenser which plays the most import- 
ant part in the inductive action taking 
place within it. The opposite charges re- 
Fig. 30 — Method of dis- side on the surfaces of the di-electric, the 

charging a Leyden Jar plates or coatings acting simply as con- 
ductors. This function of the di-electric can be illustrated by taking a 
Leyden jar with movable coatings (Fig. 31). 

After charging the jar in the usual way, the inner coating A is lifted 
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glass jar A is then lifted out of the outer coating C and laid on the 
glass* sheet. On now testing the two coatings A amd C by an un- 
charged electroscope, no divergence of leaves is produced. If the 
separate parts are then replaced and the condenser is built up as 
before, a powerful dischai^e may be obtained by discharging it. This 
shows that the real seat of the charge is on the surface of the 
di-electric whicli here is glass. That the di-electric is charged is easily 
proved by inverting t'he glass jar over the disc of an electroscope when 
the leaves will at once diverge. 

44. Discharge and Residual Charge.— The charge cannot flow 
^over the surface of a di -electric which is an insulator, and the di-elec- 
tric remains in a state of strain on account of the charge. Far 
this reason an electric field can persist in a di-electric, i.e. in an insula- 
ting medium, but not in a conductor, which cannot support the strain ; 
so charges flow on the surface of a conductor until the same potential 
is attained everywhere. When the strain in a di-electric becomes too 
great, the di-electric breaks down and a spark passes across it, which 
is seen in the discharge of a Leyden jar, or in a frictional machine 

The discharge in the case of a Leyden jar does not occur in 
one spark. If the coatings are again connected together by the 
discharging tongs, after waiting for a short time, another smaller 
spark will be obtained, and. in this manner, often several successive 
sparks will he observed. It is because the di-electric, which is in a 
state of strain, does not recover itself all at once, but takes a little 
time. So, after a time, a charge appears on the coatings ^.nd another 
spark is obtained. The charge, which remains stored up in the 
di-electric after the first discharge, is called the residual charge 
and the Bacoessive discharges are called secondary or residual dis- 
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charges. These effects are not obtained in condensers having air 
as di-eleotric. 

45. Uses of Condensers. — A condenser is a convenient arrange- 
ment to store up a quantity of electricity at a low potential. An 
application of this will be seen in the Wimshurst machine (Art. 52) 
two Leyden jars are used there to increase the capacities of the dis- 
charges. 


Condensers are greatly used in Wireless Telegraphy and Telephony 
(see Ch. X., Part VII), where two types are used — fixed and variable. 
Fixed Condensers are usually made of sheets 
of tin-foil separated by thin sheets of mica or 
paraffined paper (Fig. 32). Alternate sheets of 
tin-foil are joined together to make use of both 
the surfaces of each sheet as a distinct plate. 

The two alternate sets end in two terminals 
P and E of 'which one is earthed. By this 
means a condenser equivalent to two flat plates of large area, separated 
by one thin mica sheet as di- electric, is obta^ed in a small space. 



Fig. 32 — Fixed 
Gonden^r. 


Variable Condensers are usually made of two sets of metal vanes, 
one set fixed and the other set movable, with air as 
di-electric (Fig. 33). The movable set of parallel plates 
can be rotated between the fixed sets and this rotation 
alters the area of the plates in close proxi- 
mity, and thus alters the capacity of the condenser. 
These are used in wireless sets as tuning condensers. 

46. Condensing Electroscope. — It is an ordinary^ 
gold-leaf electroscope whose sensitiveness has been 
greatly increased by adopting a device. Volta originally 
used such a device to detect a small difference of 
potential at the junction of two dissimilar metals (vide 
Art. 2, Part VII). So it is also sometimes called Volta’s 
electroscope. Potentials, common in electrostatics, being 
usually very high, there is no difficulty in detecting them by an 
ordinary electroscope. But a small potential difference like that 
between the terminals of a battery cannot be so detected. A gold-leaf 
electroscope can, however, be made to record such a small potential 
differences by connecting it to a suitable condenser. Such a device is 
called a condensing electroscope. The arrangement consists of a gold- 
leaf electroscope over the disc of which is placed an insulated metallic 
disc of the same diameter, which is coated with shellac varnish. The 
two metal discs now constitute a condenser, the upper one being earth- 
connected. The shellac varnish between the discs acts as the di- 
electric in the condenser. 



Fig. 33— 
Variable 
Condenser 
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Action.^ One end, say, the negative terminal of a battery, is 
earthed ; the disc of the gold-leaf electroscope acquires the potential 
of the other terminal, when momentarily connected to it. Let C be 
the capacity of the electroscope alone, and nc the capacity when 
another earthed plate is on the disc. Let V be the potential difference 
between the terminals of the battery ; the disc then has been charged 
to potential V and a charge ncV rests on it. Now disconnect the 
battery and remove the earthed plate. The charge is unchanged, but 
the capacity is reduced from nc to C, and so the potential has now 
been raised from V to nV. If the original potential F was not too 
small, the above magnification should cause the leaves of the electros- 
cope to diverge. 

A condensing electroscope can not, it should be noticed, be used to 
detect the potential of a body of small capacity ; for as soon as the 
condenser of the electroscope will be connected to it, its .potential will 
be considerably affected. Such an electroscope can, therefore, be only 
used with a source of small, but steady, potential. 

e 

47. Capacity of Condensers. — (i) Spherical Condenser. — Let a 
condenser consisj; of two concentric spheres 
of radii and cms. respectively, the outer 
one (of radius r^) being connected to the earth 
(Fig. 34). Let a charge of + Q units be given 
to the inner sphere, then the induced charge on ^ 
the inner surface of the outer sphere is - Q 
units. 

The potential of the inner sphere due to 
its own charge is Q and the induced 
potential of it due to the negative charge on the Eig. 34 — Spherical 
outer sphere is -Qlr^. Therefore, the actual Condenaor 

‘ potential of the inner sphere « Q (^ - and this is 

\rx ^8' 

Silso the difference of potential between the coatings, since the poten- 
tial of the outer sphere is zero (being connected with the earth). 
We know that, 

Ca aoit - - J3hwge _ ^ ^ uv a 

apaoi y ^ between the coatings * 

rir, ' 

(ii) Parallel Plate Condenser.— The capacity of a spherical conden- 



ser per unit area of the surface of the inner sphere 


_ _ 

(r, -ri)j<4nrl** 
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Let d be the distance between the spheres, then — ri + d. So the 
expression becomes, suppose ri ia very large in 

comparison with d, then the expression becomes 1 


When the radius of the spherical surface is very large, it can be 
regarded as a plane surface. Consequently, the capacity of an air 
condenser consisting of two parallel plates, each of area .4, = 
where d is the distance between the plates. 

If the di-electric be any other substance of S. I. C. (k), the 


capacity 


kk 
4^d * 


Otherwise thus : — It has already been found that the capacity 
Q C of a condenser varies (a) directly as the size or area 


+ - 
+ - 

+ - 

:+ 


i4 of the charged plate ; (6) inversely as the distance 
d between the plates, and {c) directly as the S.l.G. {k) 
of the di-electric. Mathematically it can be expressed as» 
A ; C« lyV4; k. 


C = a constant x 


kA 

d • 


This constant depends upon the shape of the 
Pig. 34(a) condenser, and the value of this constant in the 

case of a parallel plate condenser [Fig. 34(a) J is 1 

C « 


When air is the di-electric, the value of /i; is 1 and so 


capacity 0 


A 

4:7ld 


the 


fK — 
D 


(iii) Parallel Plate Condenser with a Compound Di-electric. — 

Suppose the two plates G and D, each of area A^ 
are placed d cms. apart of which t cms. are of a 
di-electrio having SJ.G. of value K, the rest 
being air I Fig. 34(b)]. Let Q units of charge be on 
C while D is earthed ; let d be the surface 
density of charge on each plate and F the inten- 
sity in air. 

The p. d. between the plates™ Fc” Vd- 
™ intensity in air x (^2 - + intensity in di-elec- 

trioxi-Jpx(d-2)+ ^ x t^F{^d--t’¥ 


+ 

1 

- 

■f 

1 

- 

+ 

1 

- 

+ 

1 

- 




Fig. 34(b) 
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- 47 *^ since, according to a law established by 

Coulomb, the intensity near a charged conductor is 4^ times the surface 
density. 

But Capacity C - — ^ , ^ ,y 


Prom this it follows that, 

A 


{b) When t — 




(a) When d-t, C = 

, (air-condenser). 


KA , 
Wd ’ 


48. Grouping of Condensers. — Leyden jars and also other con- 
denserp can be joined together when a large difference of potential or 
a large "capacity is required. They can be joined in two ways ; — 
(a) in series (or cascade) , and (b) in parallel. 

(a) In Series (or CAcade). — In this arrangement the second 
plate of the first condenser is joined to the first plate of the second 
condenser and sd on (Pig. 35). Here all the plates are insulated 
except the last one, <^hich is earthed. If a charge + Q is given to 
the plate A of the first condenser, it induces - Q on the inner side of 
the other plate B and + Q goes to the first plate C of the next 
condenser. This is repea- 
ted ; so each condenser 
acquires + Q units on one 
plate and - Q units on the 
other. If V be the poten- 
tial difference of the first 
plate A and the last plate 
G of the series, and Fi, Fig 35. — Condensers in Series 

Fa, Fs, the potential differences between the plates of the separate 
condensers, we have, F= Fi + Fg + Fg ... ... (1) 



Lot C be the combined capacity of the system, and Ci, Cg, C 3 their 

individual capacities, then F- ; Fi = Fg" S- ; etc. 

(j G j_ C 2 


+ . 1 - 

c Cl c, c,' 


Henoe, 
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Thus, the reciprocal of the combined capacity of a number of conden- 
sers in series is the sum of the reciprocals of the capacities of the sepa- 
rate condensers. 

It should be noted that the resultant capacity is always less than 
that of any individual condenser, but this arrangement is used when 
a large potential difference is required. 

(b) In Parallel. — In this arrangement the insulated plates are joined 
at the common point M which is connected with the source of potential, 

and similarly all the other plates are 
joined at N which is earthed (Fig. 36). 
It is clear that all the condensers, 
being directly connected to the source 
and the earth, have the same potential 
difference F. When a charge is given 
at M, the charge is distributed to the 
condensers according to their capa- 
cities. li Q If Qb be the charges* 

of the condensers, the total charge 
<3“Qi + 0» + 03 (1) 

If C±, Cs, Cs be the individual capacities and C the combined 
capacity, we have, Q= VC ; Qx"- VCx ; 0a “ VCg : etc. 

Prom (1), VC = VCx + VC, + VC, - 7{G\ + C, + C,). 

i.e. C-Ci + Oa + Cs. * 

Thus, the combined capacity of a mimber of condensers in parallel is 
the sum of the separate capacities. 

It should be noted that this arrangement is used when a large ^ 
capacity is required. 

Examples. — /. Fifty thin tinfoils, each of area SO sq. cms. are placed one 
above another, each foil 'being separated and insulated from the next by a piece of 
paraffined paper of thickness 1 mm. and of specific inductive capacity 2. The ends of 
25 foils alternating with the remaining 25 foils are joined together. So also the ends 
• of the other 25 foils are joined together. Calculate the capacity of the condenser, 

(Pat. 1927) 

When 2n plates are arranged one above another in this way, the two out- 
side surfaces are uncharged ; the electricity spreads itself uniformly over 
. all the other surfaces so that, with the exception of the outside plates, each 
plate has a charge on both sides. If n be the number of plates in each set, 
*we have On the whole, (4n — 2) or 2 (2n — 1) sides, so that the whole system is , 



Fig. 36 — Condensers 
in Parallel 
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equal to ( 2 n * 1) separate plate condensers, the capacity of which is given i 
k X ( 2 n— 1 ) A 
Aivd 

2 X 49 X 20 X 7 


by 


Here n“25 ; A»20 sq. cms. : <Z=>0’1. cm. ; A :* 2 ; 


Capacity = 


4 X 22 X O'l 


-- 1559*09 ciiis. 


2. Two leyden jars are exactly aUke^ except that in one the tin-foil coatings are 
separated by glasst and in the other by ebonite. A charge of electricity is given to the 
glass jar and the potentials of its inner coating is measured. The charge is then shared 
between the two jars, and the potential falls to 0‘6 of its former value. If the specific 
inductive capacity of ebonite be 2, what is that of glass ? {Pat. J931) 

Let Cx C 2 be the capacities of the glass and the ebonite jar, and and 
A ‘2 be the specific inductive capacities of glass and ebonite respectively, then 


; C 2 “ 7 ^-, where A is the area 


and d the distance between the 


Cjy _ A' 1 
C 2 k 2 


coatings of each jar. 

If Q be the charge given tv the glass jar and V be its potential, • 


Q 


Then, when the^sharge is shared between the two jars, Ci + Cg ■■ 


Q 

O'fiV 


C 1 . + O 2 

Ct 

b 

b 


1 

0'6 ’ 
1 

“ o-'o 


1 + ;/ - 


(h 


1 

0*6 




04 

0~b' 


2 

b 


= S; 


1 

0-6 


A'l 3. 


3. Two spheres of 2 and 6 cms. radius are charged respectively with 80 and 30" 
units of electricity ; compare their potentials. If they are connected by a fine wire 
hoio much electricity will pass along it ? {C. V. 1932) 

The capacity of a sphere is equal to its radius. Again, C""QlV. 

Let Cl, Ki, Qx and ri be the capacity, potential, charge and radius of the 
first sphere, and Cg, rg those of the second sphere, then 

9.1 _ r» 92 


- = Ci-r, ; and 

K 1 Kg 


c« = r, 






80 


-40 ; and 1 ^ 2 = = 


80 

a 

6 


'5. 


40 

— a 

5 


Cl 2 “ C 2 6 

When the spheres are connected by the wire, some electricity will pass- 
from the first sphere to the second (as the first sphere is at a higher potential), 
and they will have a common potential. After the redistribution of charges, 
let be the charge on the first and that on the second, and let V be the 
common potential ; then total charge — + = 80+80—110 units. 

B as ^i"**^* 

ri ra ri + r*' 


We have, 
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„ .v <71 + 98 


2»‘no 
2+ir ® 


. But the original charge on the first sphere was 80 units. Therefore 
(80 — 27 6) — 52 5 units of electricity will pass along the wire.* ' 

4. A brass sphere of 10 cms. radius is electrified to potential 80, It is then made 
• to share its charge with another brass sphere and the potential is found to fall to 20. 

What i.s the radius oj the second sphere ? (Pat 1929) 

The capacity of a sphere is equal to its radius. From the relation C^CV 
we have 10 x 80 "800 units. ’ ’ 

This charge is shared with another, and the two spheres are then at the 
same potential 20. If Qy^ and be the respective charges on the two spheres 
total charge Q" ©i + O 2 . ’ 

©i"its capacity X potential = 10X20 -200 ; ©2 = 800 - 200 - 600 . 

; But ©9 = its radius (r) X potential ; hence 600 — r X 20. , /• = = 30 cms 

5, Two equaUoap bubbles, equally and similarly electrified, coalesce inte d sinole 

larger bubble. If the potential of each bubble while at a distance from the other was 

P, what is the potential of the bubble formed bij their union ? ^p^t. jgsj) 

The volume of the united bubble will be equal^to the sum of the volumes " 
of the individual bubbles ; it will, therefore, be equal to twice the volume of 
any of the two bubbles. But the volume of a sphere = 

If ri be the radius of each small bubble, /-g that of the larger bubble after 

XU 1 u 2x47rri3 47rr2** 

- they coalesce, we have, — - — 

o o 


; » : ^2 : : v^l : ^2. 


But the capacity C of a sphere is equal to the radius. 

/. C of small bubble : C of large bubble : : v^l : \/2 (i) 

Since quantity of charge - capacity x potential, total quantity of charffe on 
• the two bubbles before contact = riP+riP—2riP. ^ 

After contact, charge — potential V x radius = potential F x rg ; 

2r,P-Vxr,; V- = 2Px ’■^= 

Multiplying both numerator and denominator by ^(2)] . 

2 X 


from (1) 


we have, V — P- 


2 


- = P^4. 


6. AfOD ts a SQvare of 1 ^tre side of a non-conducting material. Four metalUe 
spheres of 4, 5, 8 and 10 cms. diameters are placed at the comers. All of them are 
connected^, a verv fine metallic wire and a charge of 640 units is imparted to tC 
system. What is the potential at the centre of the square ? (Paf. 

If the tobU chMge Q is disteibuted as Q,_, Q„ 0, and 0* in the four spheres 
having dmmeters 4, 6, 8 and 10 respectively,*.^ radii 2, 4 and 6 respec 

tively, we have 640-0, + 0g + 03 + Q^ ” ... (1) 
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As all the spheres are connected together, they are at the same potential, 
say V. Then since the capacity of a sphere is equal to the radius, 

. Os-I V': «.,-4F; O 4 - 6 V. 


Substituting these values in (!', 540— 2V + |F+4V+ SVi 


27 T' 

i - - 

2 ■ 


540 X 9 

7= 27" ; <i^2-100 ; O3-I6O ; <34-200. 

Each side of the square being 100 t ins., the distance of the centre of the 
100 


square from the corners 




.t Ih, o»l„- 1“^'’"+ 


100 


100 


100 


^ 540^/2^ 27 VA g 


100 


units. 


7. Two condenRem of capacit%R 6 mid. U) units are charged respectively to 16 
•and 13 units of potential. What xs the common potential when they are connected in 
parallel ? • {C, U, 1941) 

llefove connection : Xet and <3a he their respective charges, then 
■<3i — 5 X 16 — 80 units ; <^2 “ ^ h X l:{ = 130 units* After connecting them in 
parallel the total capacity <^=*5 + 10= 15 units and total charge P'*Q|+<32 
= 80+130 = 210 units ; and if V be the common potential, wo have, CV = Q ; 

210 

Ig F=210. — =15 units. 


Questions 

Arts. 34 & 36. 

1. Two conductors of capacity 10 and 15 respectively are connected by a 
fine wire and a charge of 1000 units is divided between them. Find the 
potential of either conductor and the charge on each. (C. U. 1920 ; Gf. '33) 

\_Ans : Potential = 40 units ; charge on the first, 400, second, 600], 

2. Define potential and the capacity of a conductor, and obtain from the 
definitions an expression to connect them with the quantity of charge. 

(All. *46) 

A conductor A has a capacity of 10 and potential 50 ; another conductor 
iJ is of capacity 6 and potential 65, Calculate the charges on each conductor 
after they have been connected by a very thin long wire. (Pat. 1984) 

, [Ana : Qa =656-25 ; Qb -833-75] 
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8. Explain what is meant by the capacity of a condenser. Upon what 
factors does the capacity of a Leyden jar depend ? ^All. 1982 ; Pat. ’44> 

{See Art. 40) 

4. Show that the capacity of a spherical conductor is numerically equal 

its radius. (0. U. 1987) 

5. Two equal metal spheres connected by a long fine wire are insulated 

and electrified. What change would be produced in the relative amounts 
of these charges, if one of the spheres were to contract so as to have a quarter 
of its original surface ? (Pat. 1936) 

[Ana : : ; I'l : : : 1 : 2] 

Art. 38. 

6. What is a condenser ? Explain the principle underlying it. Mention 

the factors on which the capacity of a condenser depends, and describe expts. 
in support of your statement. (Pat. 1948]' 

7. Two plates, A and of brass are supported on glass handles and 
^placed facing each other. 

(a) One of the plates, A, is connected to a frictional machine and>«- 
the other, B, to a gold- leaf electroscope. The machine is worked for some 
time. (6) The plate A is disconnected from the machine, and (i) it is moved 
nearer the other, Hi) a plate of glass is interposed between them, (c) The 
plate A being disconnected from the machine, the plate B is momentarily 
connected to tlie earth, and then (i) the plate A is moved nearer to B. (U) Bt 
plate of glass is interposed between them. Explain what happens in each 
case. (C. U. 1912 ; cf. ’46 Pat. 19291 

8. Two parallel plates form a condenser, one plate of which is charged 
and connected to a gold-leaf electroscope and the other is earthed. IridicaljB' 
what will happen if the distance between the plates is increased or decreased. 

(Pat. 1942) 

9. Explain the following : ‘‘A condenser is an arrangement by which 

the capacity of an insulated conductor is artificially increased." (C. U. 1241) 
Art. 39. A 

10. Explain how Faraday determined the fact that different substances 

have diflcrcnt specific inductive capacities. (C. U. 1933 ; Pat. 1927) 

11. Define capacity and specific inductive capacity. (Cf. Pat. 1942, ’46) 

What do you mean by the statement that the specific inductive capacity 
of paraffin is 2*19 ? (Dac. 1928) 

12. What do you understand by the specific inductive capacity of a 

di-electric ? Explain how with two exactly similar spherical condensers and a. 
gold-leaf electroscope you can find S. 1. C. of sulphur. (C. U. 1940) 

Art. 40. 

13. Describe a condenser, and demonstrate experimentally how the 

capacity and potential can be altered. Explain the terms ^capacity’ and 
‘potential’ fully. (See also Art. 38) (All.) . 
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Art. 41. 

14. When a charge of 50 units is given to a sphere, it is found to have 

potential 20. After being connected to a second sphere, tlie potential falls to 8. 
Find the radius of the second sphere. (Pat. 1988) 

[An8 : 3-75] 

15. A spherical conductor of 10 cins. radius is charged positively with 

100 units of electricity and it is connected with another spherical conductor 
of 5 cms. radius carrying a negative charge of 50 units. What will now* be 
the charge on each sphere ? Find also the potential of each sphere before 
and after contact. (Pat. 1940) 

[Ans : Potential before contact = + 10 : — 10 ; f (i?i ■“ 100/3) 

„ after contact l<?2*50/3 ) 

16. Four metallic spheres of 4, 5, 8, 10 cms. diameter arc joined together 
by a very fine metallic wire, and a charge of 810 e. s. units imparted to the 
system. • Find the charge on each sphere, and their common potential. 

[Ans : v = 60 c. s. units ; 120, 150, 240, 800 respectively]. (Pat. 1948) 

Art. 42.‘ 

15. Describe the constriction of a Leyden jar. 

In charging a I^eyden jar, the outer coating is (n) insulated, (5) connected 
to the earth. What difference docs it make '? 

' (C. U. 1912, ’14, ’19, -24, ’29 ; Cf. All. ’23 ; Pat. ’81) 

16. Define di -electric constant. The inner coating of a Leyden jar is 

connected to a gold-leaf electroscope. If the jar rests on a piece of ebonite, 
one charge from an elcctrophorus produces a large divergence of the leaves of 
4he electroscope, ff the ebonite be removed, and the jar is held in the hand, 
several charges of the elcctrophorus are needed to produce the same divergence. 
Explain this. (Punjab) 

Art. 44. 

17. What is meant by the residual charge of a condenser ? (C. U. 1929) 

Art. 47. 

18. What is meant by the statement that the electric potential at a point 
is 10 ? Find an expression for the capacity of a parallel plate condenser. 

(Pat. 1927) 

19. ’Describe the construction and action of a simple parallel plate air- 
condenser, and obtain an expression for its capacity. How will the capacity 
be affected if a slab of ebonite is introduced between the parallel plates ? 

(See also Arts. 38 & 39) (Pat. 1944) 

Art. 48. 

20. Throe condensers of capacity 1, 2 and 3 micro-farads are connected 

with the second and third in series and the first in parallel with them. 
Calculate the resultant capacity. (Pat. 1937). 

[Ans : 11/5] 


21 (II) 



CHAPTER V. 
Electric Machines 


49. Electric Machines. — It is a mechanical device for the rapid 
production of electrical charges. Electric machines may be divided 
into two classes ; — U) the Frictional machines, and (//) the Induc- 
tion or Influence machines. 

The frictional machines, such as the Glass>Cylinder machine 
in which electricity is produced by friction against a cushion of 
leather, or the Ramsden machine, where a circular glass plate is 
rubbed against two pairs of silk pads, are now practically obsolete. 

50. Eleclrophorus. — This is the simplest form of an induction 
machine devised by an Italian, Volta, about 
1775. By this instrument a series of 
charges may be obtained from a single charge 
by induction. It consists of a circulax 
slab of shellac or ebonite C, called the cake, 
a circular matal disc P of slightly smaller 
diameter, provided with an insulating handle 
lit and a metal base S, called the sole, on 
which the cake is jdaced (Fig, 37). 

Action. — The different parts are first 
warmed, and a negative charge is - developed 
on tlie cake G by rubbing it with a piece 
of flannel or catskin. It is then placed on the solo S LFig. 38(a)]. The 





Fig. 37 — Electrophorus^ 


\ \ 1 / / 





(a) (b) (c) 

Fig. 38 — Charging an Electrophorus 

disc is then placed on the cake holding it by the insulating handle 
[Fig. 38(b)J. The negative charge on the cake acts inductively on the 
disc, attracts ppsitive charge towards the lower surface, and repels 
negative charge to the upper surface of the disc. The arrowed lines 
show electric lines of force in the three steps. The disc is then 



STATICAL BLECTRICIT7 


touched with the finger, i,e. connected to the earth, so that its 
potential becomes zero 
[Fig. 38(c)]. Now there will 

be no electric lines of ( i n ♦ 

force to the top of the disc \ / / / x\ \ t I / f f 

from the earth. On now \ (/ / 7 7J\ 

lifting up the disc by the — ^ 

handle, the lines of force ^ 1 ~ t~ ~ t ~ 1 1 ^ r f \ \ \ \ 

are stretched, the remote 
ends attach themselves to 
the table or to the walls, 

etc. [Fig. 38(d) j. On now removing the disc P, the inductive influence 
■of the cake is .removed and so the induced positive charge spreads 
itself on both sides of the disc, which may be communicated, to another 
body-l^'ig. 38(o)|. Replacing the disc on the cake, the whole series 
of operation may bo repeated several times without again exciting 
the cake. 


It should bo noted fhat (a) by tncreafting the area of the electro- 
phorus the charge obtained in each operation can bo proportionately 
increased ; (h) \^on the charged disc is brought before an insulated 
conductor, the conductor can take charge until its i)otontial becomes 
equal to that of the disc after which the conductor can take no more 
charge. So there is a limit to the amount of oharqe which can be 
given to an insulated conductor by an electrophorus. 


• The function of the sole may be explained thus : — The negative 
charge produced on the cake by rubbing induces positive charge on 
the inner surface of the sole, and the induced negative charge on 
the outer surface of the solo passes to tho earth. The positive charge on 
the solo attracts the negative charge on the cake and draws it a little 
within the cake ; and thus the tendency of the cake to lose its charge 
by leakage is reduced. 

Since the substance of the cake is a non-conductor, its charge 
does not pass into tho disc ; the disc, when placed on the cake, touches 
the surface of tho cake at a few points only due to tho rduglmoss of 
the surface. Hence there is a thin layer of ai,r between these surfaces 
which acts as the di-electric. Therefore conduction can be neglected, 
and the phenomena may be treated as governed by induction. 

51. Electrophorus and Energy of the Charge. — After charging 
the ebonite cake once, charges can be obtained from it as many 
times as necessary without exciting the cake again, i.e. we receive a 
series of charges from an initial small charge. This appears, at first 
sight, to violate the principle of conservation of energy; but, in ;fact, 
it does not, ,1 . .. 
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The energy of the spark produced by an electrophorus, when 
the charged disc is brought before an earth-connected or insulated 
conductor, is derived from the mechanical work done in raising the 
plate, i.e. in overcoming the attraction between the negatively charged^ 
ebonite slab and the positively charged disc when separating the 
two ; thus the electrical energy is obtained by the transformation of 
mechanical energy in accordance with the principle of conservation 
of energy. 

Changes in the Potential of the Disc. — When the disc is placed 
on the cake, it acquires a negative potential due to the induced free 
negative charge. When connected to the earth, its potential is raised 
to zero and next when the disc is gradually lifted, after disconnecting 
from the earth, it acquires a greater and greater positive potential 
until finally the positive potential becomes maximum when it is 
completely freo from the influence of the negatively charged cake. 

62(a). Wimshurst Machine. — It acts on the principle of induction. 
The machine consists of two varnished drcular glass -plates, placed 

close to each other and 
capable , of rotation in 
opposite directions about 
a horizontal axis as 
shown by the arrows 
(Fig. 39). A number of 
metal sectors are fixed! 
on the outer surface 
of each plate. These 
sectors serve both as 
inductors and carriers. 
The inner broken circles 
(thick lines) represent the ^ 
sectors on the front plate,, 
and the outer broken cir- 
cles represent those on the 
back plate. Two diago- 
nal conductors AB^ CD 
lie across each plate at 
right angles to each other» 
The diagonal conductors 
ending in metallic brush- 
Fig. 89— Wimshurst Machine ea graze the metal sectors 

as the plates rotate. 
Facing the plates there are*two rows of sharp points, called the Gollec- 
tfng combs, E and F, at opposite ends of a horizontal diameter. These 
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collecting combs are connected to the dischargers P, Q of the machine, 
and to the inside coatings of two Leyden jars, R and S, placed on the 
base-board of the machine. 

Action. — Suppose one of the back sectors possesses a slight nega- 
tive charge. When it comes opposite the sector G touching the brush 
of the diagonal conductor, it induces a positive charge on the sector G 
and a negative charge on the sector D at the other end. The sectors 
C, D leave the brashes with their induced charges, rotate and reach 
the positions opposite the sectors A, B on the back plate, where they 
induce negative and positive charges on A and B respectively. Now, 
the back sectors A and B will retain these charges while leaving the 
brushes. So, after one or two revolutions all the sectors approaching 
the collecting-comb on the left-hand side will acquire negative charges, 
and all those approaching the right-hand collecting-comb will acquire 
positive charges. The sectors on the left-hand side discharge their 
charge fo the points of the collecting-comb causing it to be negatively 
charged, s>nd the attached discharger P charged negatively. And the 
.charged sectors, therefoi;^, come out uncharged Similarly, the other 
discharger of the machine acquires positive charge. 

The difference of potential between the two knobs of the dis- 
chargers becomes so great in course of operation of the machine 
that the air di-olectfic can no longer support the strain and 
ultimately "breaks down’*, if the knobs are not too far apart, and 
a spark passes across the air gap (see Art. 4i). The charges 
on the knobs disappear duo to this discharge, and a small interval is 
•necessary before the charges can again accumulate on the knobs to 
acquire a sufficiently high potential to cause another spark discharge. 
For this reason the discharge is an intermittent one. If the knobs are 
brought nearer, a smaller potential difference is sufficient to produce a 
discharge, and so the frequency of the discharge increases. 

The object of the Leyden jars, which arc nothing but conden- 
sers, is to increase the capacities of tlie dischargers to enable them to 
accumulate heavy charges in order to give strong and loud sparks. 

We have assumed a small charge on one of the sectors in ex- 
plaining the action of the machine, but in practice no actual charging 
is necessary, as a very minute charge left in the machine is sufficient 
to start action. 

Though a very large amount of electricity cannot be obtained 
with a Wimshurst machine, yet what little it produces is at very high 
pressure A machine of average size will produce a potential difference of 
40,000 to 50,000 volts’**. Larger machines give very high voltages indeed. 

*Vo1t is the unit of potential difference or electric pressure (see Gh. IV. 

Part. VII). 
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(b) The VoBs Machine. — It also acts on the principle of induc- 
tion. It consists of two co-axial circular plates of glass or ebonite placed 

vertically parallel to each other (Fig. 40). 
The back plate is larger ^nd is fixed in 
position while the front plate can be 
rotated about the common horizontal 
axis by means of a handle. 

A set of six to eight carriers, a, h, c, 
d, etc., of metallic strips are distributed at 
regular intervals along the periphery of 
the revolving disc. Two large metallic 
strips A, B, called the field plates or 
armatures, are attached to the opposite 
sides of the back of the fixed plate. A 
centric metallic rod c, ending in two 
metallic brushes, called the neutfalising 
brushes, placed on the revolving, plate, 
touch a pair of carriers c, /, at diametrically ojeposite positions. There 
are two collecting combs E, D, each provided with pointed spikes, which 
face the carriers at the opposite ends of the horizontal diameter. The 
plates A, B have appropriating brushes Wi, connected to them, and 
these brushes make contact with the carriers as the same pass under 
them in course of their rotation. The collecting combs are connected to 
the adjustable prime- conductors F which end in two knobs. Usually 
the insulated plates of two Leyden jars are connected to the combs, 
the outer plates being earth -connected. • 

Action. — Suppose one of the field plates, say, A has a small positive 
charge and the smaller disc is revolving in the clock- wise direction. 
When the carrier/, in course of its rotation, passes out from under the 
plate A, it meets the neutralising brush connected to the conductor 0. 
By induction of the charge on A, the carrier / is negatively charged 
and the carrier c at the far end of the rod positively charged. In 
course of its forward motion, the carrier / occupies the position a and 
delivers a part of its negative charge to the field plate B through the 
appropriating brush and the balance is collected by the comb E. At 
the same time, the positively charged carrier c passes on to the position 
d and gives a portion of its positive charge to the field plate A through 
the appropriating brush Ux and the balance is discharged to the comb 
D. As the disc revolves, the field plates A and B receive greater and 
greater charges and, as a consequence, the carriers delivering charges 
to the collecting combs receive also increasingly greater and greater 
amount of opposite charges. Thus the two combs are charged up 
oppositely. The two Leyden jars connected to them increase the 
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capacity of the prime conductors F for accumulation of heavy charges 
in order to give strong and loud sparks. 

(c) The Van de Graaff Generator. — It is a device for producing 
_ very high voltages. The discharging action of points and the collecting 
action of a hollow spherical conductor have 
been utilised in the construction of this 
machine. 

A belt G of insulating material is made 
to travel continuously in the anti clookwiso 
direction round pulleys, as shown in Fig. 41 
with the help of a motor. At the bottom of 
its path while it passes near the pointed 
ond of a conductor A, wliich is maintained 
at a, say, positive potential of (10-20J x 
volts by means of a suitable electric machine, 
charge Teaks from the pointed end to tlio belt 
on which it remains localised. The charge 
'..ravels round and, as ii^ passes near a set of 
pointed spikes, attached to the inside of the 
hollow spherical.conductor M, the negative charges from the latter leak 
to the belt to neutralise the positive charges there, whereby the metal 
sphere is itself positively oliarged up. In course of time as more and 
more positive charges develop on it acquires a high voltage. To 
stop discliarge from M, the generator is placed inside an earth-conn.eo- 
ted tank (provided with stop-cocks and '[\) which is filled up with 
•air at high prosauro. 

A 5 million volt generator of this type erected at the Carnegie 
Institute of Washington in 1937 is housed in a tank, 55 ft. high and 
37'5 ft. in diameter, filled with air under a pressure of 50 lbs. sq. in. 

53. Action of Points. — It has already been stated that' the 
distribution of electricity over the surface of a conductor is uniform 
only when the surface is uniformly shaped. The density of the charge 
at any 'part of a conductor is inversely proportional to the radius of 
curvature of the surface of that pari. It is greatest on those parts of 
the surface which have the greatest curvature (least radius of curva- 
ture). So the density of charge at the pointed parts of a conductor is 
very great. Air particles, or dust particles, adjoining sharp points on 
a charged conductor on which the density of charge is groat, acquire 
by contact a portion of the charge and are electrically repelled. This 
action, called the discharging action of points, discharges the con- 
ductors. This is the reason of the loss of electric charge from sharp 
points ; and this is why points and sharp edges are avoided in electrical 
machines. 
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Experiments to show the Discharging Action of Points. — 

(1) This can be shown by holding a lighted candle before the pointed 
end of a piece of metal joined to one of the 
poles of a Wimshurst machine when the flame 
of the candle will be seen to be blown aside by 
air current produced by the discharging action 
of the point (Fig. 42). Such a continuous 
stream of the particles of a medium moving, 
away from the sharply pointed parts of a charg- 
ed conductor constitutes what is called the 
electric wind. To test the charge carried by 
the stream, the disc of an uncharged electros- 
cope may bo held against the stream when the leaves would be found 
to diverge. The nature of the charge which causes such divergence, 
on examination, would be found to be similar to that of the conductor. 

(2) The actfon of the Hamilton's Mill (electric whirl) is an example 
of the discharging action of points. The mill 
(Fig. 43) consists of a brass disc B pivoted $.t 
its centre, having a number of conductors C, 

C fixed around it, the ends of the conductors be- 
ing all bent at right angles the same way round. 

When the mill is joined up to the prime con- 
ductor of a Wimshurst machine, the disc with 
the needles rotate in a direction opposite to 
that of the bends of the needle, as shown by 
the arrows in the figure. Air particles on Fig. 43 — Hamilton's Milf 
contact with the pointed ends of the needles are charged up similarly 
and are electrically repelled, and the reaction caused thereby makes the 
wheel rotate in the opposite direction. 

54. Causes of Atmospheric Electricity. — The lightnings and 
thunders are natural phenomena which show that the atmosphere 
contains a heavy amount of electricity of both kinds. In the polar 
regions heavy discharges of electrified particles, lasting even for hours, 
causing display of colours, often times occur — the phenomena being 
known as Aurora Borealis. They also point to the same conclusion. 
But the causes of the electrification of clouds are even at present not 
very clear. 

One theory supposes that water vapour arising from the water on 
the earth's suHace carries a positive charge, while the water and the 
earth remain charged up negatively. 

Elster and Geitel's idea is that the ultra-violet rays of the sun are 
the cause of electrification of the air. These rays break up the mole- 
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.€ules of the atmosphere into positively and negatively charged systems. 
The action may be due to the Cosmic rays [Art. 67 (a), Part Vll] also. 

Others suggest that this electricity is due to radio-active emana- 
T^jons from radio-active elements in the earth's crust. These radiations 
vCh. IX. Part VII) also break up the air molecules and charge them 
^vith different kinds of electricity. 

55 Lightning and Lightning Conductors — It is assumed 
that during thunder-storms enormous differences of potential exist 
between the neighbouring clouds or between a charged cloud and the 
earth. A charged cloud and the earth may bo regarded forming 
a very big condenser with air as di-electric between them. When the 
difference of potential between them becomes very high, the air 
di-electric breaks down followed by a discharge of electricity in the 
form of a flash of lightning. The air in the path of the lightning is 
heated’ Ify the discharge and so expands suddenly. This "sudden expan- 
sion again cools the air due to which there is also sudden contraction 
■ j..'oducing a partial vacuun^ and, as a result of this, the surrounding air 
rushes there with tremendous force. The. report of the thunder is 
due to these suddpn expansion and contraction of the air. 

Lightning Conduetdr. — The action of the lightning conductor 
depends upon the discharging action of points and its conducting pro- 
perty. The lightning conductor was suggested by Benjainin Franklin 
{l749). It consists of a long rod or a strip of metal (iron or copper) 

f anning from the top of a building to be protected from destruction by 
ightning. The upper end of the rod is furnished with sharp points 
and the lower end is fixed to a metal plate well buried in wet earth. 

During the thunderstorm, when a charged cloud passes over the 
points of the lightning conductor, induced charge of the opposite kind 
accumulates at the points. Air particles around the points are charged 
up by contact, and being electrically repelled, constitute an electric 
wind directed towards the cloud. The cloud thereby becomes gradually 
discharged. If, however, the difference of potential between the cloud 
and the conductor is so great as to produce a discharge, the lightning 
conductor offers a straight path of least resistance for the discharge 
to pass to the earth without damaging the buildings. 

Precaution. — As a precautionary measure (a) one should not 
hold an umbrella during a storm, as it may act as a lightning 
conductor ; (b) one should not stand near or under a tall tree and 
also not near any metal fence or barbed wire ; (c) one should not remain 
standing in an open maidan. ^ 
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Questions 

Art. 50. 

1. Explain the action of an eleclrophorus. (C. U. 1913, ’16, ’18, ’21, ’23,. 

’26, ’28, ’42, ’44 ; Pat. 1925, ’29, ’42 ; All. 1928 ; Dac. 1932). 

2. What arc the changes occurring in the potential of the upper disc of^ 

the elcctrophoriis during the process of charging ? (C. U. 1942). 

3. Describe a simple form of electrical machine for producing static 

electricity. (C. U. 1914 ; cf. Dac. 1933) 

4. Describe the construction and explain the action of an electrophorus. 
How would you use it to charge an electroscope (a) positively, (b) negatively ? 

(Utkal'l948 ; C. U. 1932) 

5. Describe the ordinary electrophorus and the method of charging a 

conductor by means of it, explaining how the energy of the charge on the 
conductor is obtained. Why is there a limit to the amount of charge that can 
be given to an insulated conductor by the electrophorus ? {Sre. Art. 51). 

(Pat. 1930 ; cf. (J. U. ’38, ’44> 

Art. 51. 

6. Show lioiv any .imonrit of charge can be drawn from the electrophorus,. 
when once excited, without \iolating the pnneiplc of conservation of energy. 

(C. U. 1932 ; Cf. ’28 ; All. ’20 ; Tat. ’32) ^ 
Art. 52. « 

7. Describe with neat sketches the parts and working of a Wiinshurst 

machine. Wliat is the function of the Leyden jars ^ 

(Utkal 1948 ; Pat. 1926, ’28 ; Cf. ’22, ’27, ’31 ; C. U. 1934) 

8. Describe and explain the action of an induction machine. (C. U. 1935> 

Art, 53. 

9. Explain why a conductor, which is required to retain an electric charge 

for a long time, should be rounded and without sharp points ? (C. U. 1925) 

10. A positively charged conductor is brought near an insulated uncharged 

brass ball. Is the potential of tlie ball altered thereby ? Would this alteration- 
fii any) be modified by the ball liaving a needle sticking out of its surface and 
would any such modification depend on the position of the needle ? Give 
reasons. (Pat, 1931) 

[Hints — The potential of the ball which was zero in the beginning becomes 
positive when brought near the positively charged conductor. If the needle 
sticks out of the ball on the side opposite to the charged conductor, the ball 
will lose some positive charge through the needle and so the potential will 
be reduced ; but if the noodle sticks out on the same side as the charged 
conductor, the ball will lose some negative charge and potential will be 
increased]. 

11. Describe an experiment to illustrate the discharging effect of a sharp 
conductor and some practical applications of the phenomenon. (Pat. 1937) 

Art. 54. 

12. Write a short note on “Atmospheric electricity.” (Pat. 1937) 

Art. 55. 

13. What is meant by 'striking by lightning” ? How are high buildings 

protected against it ? (All. 1928, ’81 ; Pat. ’29, ’31, ’33 ; 0. U. ’36) 



PAET VII 

CURRENT ELECTRICITY 

CHAPTER I 

Voltaic Cells 

1. Historical.— (Discovery of Voltaic Electricity). — It has 

been already seen that when a conductor with a static charge was 
connected with the earth, or joined to another conductor, a flow of 
electricity, usually a discharge, could always ‘ be obtained ; or, in 

other words, when two con- 
ductors* at different potentials 
are connected, positive charge 
Srws from the conductor^ at 
the higher to that at the lower 
potential until their poten- 
tials are equalised. .This 
flow of electricity is called 
an electric current, but the 
flow just described lasts only 
for a moment. According to 
tj^e modern electronic tlieorij, 
it is not the positive charge 
which flows (from the higher 
potential to the lower), but it 
is the negative charge (elec- 
trons) that flows from the 
conductor at lower potential 
to the conductor at the higher 
potential (see Fig. 3). 

If the difference of potential 
between the conductors could 
be kept constant by any arrangement, a continuous current could be 
obtained. 

The following analogy will make the issue more clear. Suppose* 
the two vertical cylinders A and B (Fig. 1) are connected near the 
bottom by means of a pipe fitted with a stop-cock> The water 
level in . is at C, while that in B is at D. If the stop-cock is 
opened, water will flow from A to B, but the flow will stop as soonj* 
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as the water attains a common level in both the cylinders. In 
similar manner electric current also stops flowing when there is no 
longer a difference of electric pressure. It is possible to put a pump in 
the circuit, as shown in the figure, and keep pumping water from £ 
to A just as fast as to maintain the same difference of pressure 
as in the beginning. Thus a steady flow of water can be maintained 
at the expense of mechanical energy used at the pump. So also, in the 
electrical case, a steady current can be maintained at the expense of 
some form of energy which will keep the potential difference constant. 
It will be seen in Art. 3 that chemical energy liberated internally in a 
primary cell by action between the chemicals used in it maintains 
the potential difference between the terminals of the cell constant. 

The first step towards a steady current was made in 1786 by 
'^Galvanl, an Italian Physiologist and Anatomist. There are many 
stories of his observations and one of which is that incidentally 
on some day freshly skinned frog's legs were hanging through a brass 
hook attached to iron railings. Galvani to his astonishment found 
that every time the legs touched the iron th 3re was a sudden contrac- 
tion of muscles. He concluded that the effect was electrical and the 
source of electricity was the nerves and muscles of the animal body 
contacting each other. 

2. Volta's Pile. — The next step of development was due to the 
Italian Physicist, Volta, who in 1800 showed that the above effect 
was rather due to the contact of two dissimilar conductors. He 
showed that the same effect could be obtained by using copper and 
zinc plates separated by a piece of cloth moistened with acidulated 
water and that there was a, ** contact difference o/ potential’' between 
the two dissimilar metals in contact. This effect was multiplied by 
taking a number of such pairs of copper and zinc and arranged in a 
similar way in a vertical column. This is known as Volta's pile. 
Applying his discovery Volta set up the simple voltaic cell which is 
given in Art. 3. 

(a). Theory of Contact Difference of Potential. — According 
to Volta, there is set up a difference of potential at the point of con- 
tact between two dissimilar conductors. How this arises in the case of 
different interfaces is explained below : — 

(i) Solid-Solid Interface. — In conductors there are free electrons 
[see Art. 7(o), Part VI] which are assumed to move about within 
intra-atomic spaces, almost as freely as gas molecules. Different 
materials possess different electronic densities, i.e, different internal 
pressures. When two different conductors contact each other, their 
electronic pressures act through the common interface tending to 
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equalise the pressure. Eleotrona of the conductor having higher internal 
pressure pass into the conductor of lower internal pressure, the former 
being thereby positively charged and the latter negatively chal'ged. 
T^his explains the difference of potential between two solid conductors 
put in contact. 


When this stage is reachedi 


(ii) Solid-Liquid Interface. — The difference of potential betweem 
a solid and a solution in contact may be explained almost in the same 
way as in the case of a solid-solid interface. The only difference is 
that owing to difference in internal electronic pressure one tends to^ 
deposit positive Iona'" on the other instead of causing electrons to 
flow. If the solid actually dissolves in the solution, it deposits positive 
ions on the solid and thereby it itself is negatively charged up while 
the solution gets positively charged, and after a time a stage comes 
when an electric equilibrium is reached, 
the s'oKd and the liquid interface 
has two layers of equal but opposite 
charges. Lord Kelvin called it the 
electrical double layer.^ Tlie reverse 
process of a solution depositing positive 
ions on a metal in contact also takes 
place. In this process the solid is 
positively charged up while the solution 
gets negatively charged. Fig. 2 illus- 
trates how zinc is negatively charged up 
j^hile copper is positively charged when 
immersed in dilute H2SO4. 
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Fig. 2 — Electrin Double Layer 


2(b). Theory of Electrolytic Dissociation. — According to this theory, 
put forward by Arrhenius, the molecules of a solution dissociate^i by 
the very act of solution, into two distinct parts associated with equal 
but opposite electric charges. These parts are called the positive and 
negative ions. On setting up an electric field between two points in 
the solution, the two ions move in opposite directions and the 
motions of these ions in the electric field between the electrodes cons- 
titute an electric current in the solution, just as the motions of free- 
electrons in a conductor are responsible for the current caused in it. 


This type of dissociation is quite different from what is called the 
thermal dissociation. In the latter type, dissociation takes places 
at high temperature, in which always neutral molecules are formed by 
the splitting up of the more complex molecules. But in electrolytic 

An ion is an atom or group of atoms associated with a charge, positive 
or negative. 
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dissociation, only charged ions are produced, which may or may not 
’ be chemical molecules. As for example, 

Thermal dissociation NH4Cli^NHa + HCl. 

, w- .q- j2NaCl»2Na+ + 2Cl" 

J''jl0ctrolytic dissociation, C1”NH "^ + 01” 

3. (a) Simple Voltaic Cell. — A plate of copper and a plate of zinc 
are dipped in dilute sulphuric acid contained in a glass vessel. If the 
plates are connected by means of a metallic wire, bubbles of hydrogen 
gas will be seen to be given off from the surface of the copper plate. 

The chemical action in the cell may be represented by the follo- 
wing equation. — Zn + II^SO^ “ ZnSO^ + 

The chemical changes proceeding in the cell will set up a difference 
of potential between the plates, the copper plate being at a higher 
potential than the zinc plate. Due to this difference of potential, 
transference of electricity will take place .-long any wire connecting 
the two plates, and this constitutes what is called an electric current. 

The difference of potential between the plates is known as the 
Electro-motive force (usually written, E. M. F.) which causes a fairly 
steady current to flow from zinc to copper inside the liquid and copper 
to zinc through the wire outside the liquid (see Art. 7). The direction 
so indicated is the direction of the conventional current and will be 
followed in this book, though the direction of the actual current, 
if current is due to flow of electrons, is just in the opposite direction 
(vide Art. 8). The E M. F. of a simple voltaic cell is about 1’08 volts. 
The copper plate from which the current is said to start is called the 
positive, and the zinc plate, through which current enters the liquid, 
is called the negative pole of the cell. 

(b) Electronic Theory of the Simple Voltaic Cell. — When two 
electrodes, Gu and Zn, are immersed in dilute electric 

double layer (see Fig. 2) is formed around each in no time, the 
difference of potential between Cu and the solution being +0‘46 volt, 
while that between the solution and Zinc being -0’62 volt, 
so that the difference of potential between the Ou and Zn electrodes 
is 0*46- ( -0‘62)“ 108 volts. This explains the E. M. F. of the cell. 
When the Cn and the Zn electrodes are joined up by a conductor, 
electrons from the Zn electrode travel through the conductor to the 
Cu electrode to equalise the difference in potential between them. 
Thereby, the equilibrium at the electric -doable- layer around both 
is upset. So the positive layer in front of the Zn electrode, and 
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the negative layer in front of the Cu electrode will predominate, as 
a result of which negative {S 0 ^~) and positive (//'*’) ions embedded 
in the solution will be urged towards the Zn and the Cu electrode 
espeetively to restore the equilibrium. Thus the potentials of the 
two electrodes will be maintained by an internal action in the cell 
and a steady current will flow in the circuit of the cell. The concentra- 
tion of the acid in the cell will decrease with action in the cell, 
and Z 71 will go into solution combining with as follows, 

after delivering its charges to the Oil plate will escape by 
bubbling. 

4. Defects of the Simple Cell. -With a simple voltaic cell, as 
described above, the strength of the current gradually diminishes after 
some time. This defect is mainly due to two causes (i) Local action, 
and (ii) Polarisation. 

(i) Local Action. — [f commercial zinc be used in a simple cell, 
bubbles of hydrogen are •seen to evolve from both the j)latGs after 
the generation of the cur- 
rent, and even ovf open cir- 
cuit, they may be evolved at 
the Zn plate. By the action 
of sulphuric acid, zinc 
sulphate is formed, and the 
acid is neutralised as more 
^nd more zinc is dissolved. 

So the chemicdbl action 
decreases, and hence the 
strength of the current dimi- 
nishes. This is one aspect. 

Again commercial zinc 
contains impurities like C, 

As, Pb and Fe They to 
gether with zinc form miniature local cells on the body of the 
zinc plate with the aid of the acid. These local cells produce 
local currents using up the zinc plate which do not contribute to the 
main current (t^ee Fig. 3). Hydrogen bubbles may, therefore, bo evolved 
at the zinc plate even on open circuit. This effect with commercial 
zinc is known as local action. 

The defect can he remedied hy amalgamating the zinc plate. To 
arnalgamate it, it is first washed with dilute or IlCl and is 

then gently rubbed with clean mercury with the help of a brush or 
a piece of cloth. 4- ^f€lrcury dissolves zinc forming an amalgam, but it 
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has no action on the impurities. Hence on the surface of the plate thero 
is a shining layer of a mixture of mercury and pure zinc. The im- 
purities remaining under the layer cannot come in contact with the- 
acid and thus local action is stopped. The acid has no action on 
the mercury but acts on the zinc on the surface layer, which gene- 
rates the current. 

(ii) Polarisation. — As current flows, bubbles of evolve at 
the copper plate on which they gradually form a thin layer. Due to- 
this the current strength falls and finally stops altogether. The 
effect is called the 'polarisation of the cell. It is explained as follows. — 

(a) As the two plates are connected by an external wire, positive 
IT^ ions travel to the copper plate, deliver the charges and bubble 
away. In such a process a film of neutral hydrogen is bound to deve- 
lop on the copper plate after some time. With thickness increasing^ 
it offers greater and greater resistance to the current which thereby 
diminishes accordingly. 

{b) As the action of the cell proceeds, the incoming H'^'-ions 
are partially deposited on the film of neutral hydrogen which is 
non-conducting. Duo to non-delivery of their charges to the Gii plate, 
the strength of the current may further diminish. Not only that, 
these H'^-ions also act in another way They create a new pole there, 
which is electro-positive relative to zinc and an electric field is 
set up in the cell which tends to sond current in the opposite direction. 
This is called back-electromotive force or polarisation e. m. f. 
As a result the current considerably decreases. A stage is soon 
reached when the back e. m. f. altogether stops any H"*" -ion from mov- 
ing towards the Gn plate. The current falls to zero at this stage and 
the cell is said to be completely polarised. 

The polarisation in simple volatic cells is prevented by three 
principal methods : — (i) Mechanical — by brushing off the hydrogen 
frrym time to time from the copper plate ; {ii) Electro-chemical — by 
usiny two solutions such that the hydrogen meets with a second solution^ 
from which ions of the same metal as that of the positive plate are 
liberated ( Gf. Daniell Gelt) or some such gas is liberated as does not cause 
polarisation (Gf, Bunsen Gell). (ii) Chemical — by using some strongly 
oxidising substance such as chromic acid (or bichromate of potash with 
sulphuric acid) as in the Bichromate Gell, Nitric acid, Manganese dioxide, 
etc,, to convert the hydrogen to water. 

The first method, however, is not at all satisfactory and for this 
reason many cells (as described below) have been devised in which 
polarisation is removed by the use of either of the latter methods. The^ 
chemicals used to remove polarisation are called depolarlsers. 
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5. Voltaic Cells. — Diiforeat: types of volataic cells are given below, 
each of which is provided with an excitant liquid and a depolariser. 

(a) One-Fluid Cells. — 

(i) The Bichromate Cell. — This cell consists of two carbon 
plates with a zinc plate Z placed between them (Fig. 4). 

The plates are immersed in dilute sulphuric acid in 
which crystals of potasskim bichromate are added, 
which act as a depolarising agent. The two carbon 
plates form the positive, and the zinc plate the nega- 
tive pole of the cell. 

Action — By the action of sulphuric acid on the 
potassium bichromate, potassium sulphate and chromic 
acid are formed according to the following equation, — 

A'aCraOT +7 i/2^S04+7/a0 = 22r.^Cr04 +/USO 4 

+ 6//aS:04. 

The sulphuric acid acts on zinc to form zinc sul- 4 

nhate liberating H'^-ion, and the chromic acid [H^GrO^) Ihchroinatc Cell 
acts on hydrogen to form vs^iter, and chromir oxide formed thereby is 
converted into chromic sulphate, Cr.^ (SO^)a, by the action of sulphuric 
acid thus, • 

6 i/aS .04 + 3Zn + m^CrO^ = Cr.ASOj:, + SZnSO^ + SIUO. 

The colour of 03 ( 504 ) a is green and so, with the action of the cell, 
the colour of the liquid changes from red to green. 

The E. M. F. of this coll varies from i’B to 2’2 volts. The current 

this cell soon falls off, the internal resistance being low ; so it is 
useful where strong current is wanted for a short time. 

In a modified typo of the cell, chromic acid is used directly instead 
of potassium bichromate in order to avoid forma- 
tion of crystals of chrome-alum which deposit on 
the plates and affect the chemical action of the cell. 

(ii) Leclanche' Cell. — This cell consists of an 
amalgamated zinc rod Z immersed in a strong 
solution of ammonium chloride (NlI^Cl) contained 
in an outer glass vessel (Fig. 6). In this vessel 
a porous pot is placed with a gas-carbon rod C at 
the centre surrounded by a mixture of broken 
carbon and powdered manganese dioxide (Mn 02 )- 

The Zn-rod acts as the negative plate, carbon- 
rod as the positive plate, NH^^Gl as exciting , 

liquid and ilfw02 as depolariser. The charcoal ^"“Ij'^clanche 

powder is mixed up to make the depolariser an ^ 

electrical conductor. By the action of Zn on NH^Clt Nils is liberated 

22 (II) 
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which escapes through the mixture while the hydrogen ion liberated is 
oxidised by the MnO% into water according to the following chemical 
equations. — 

Reaction : + 2 NH 4 , Cl - ZnCU + + Qllt* 

2//++ + 2MnOt = MnaOa + H^O. 

Here MnOt is the oxidising agent, but as it is a solid its action is 
slow ; so if the cell is allowed to act for some time, polarisation sets in, 
and the current falls off. This is an obvious disadvantage with this 
cell. If, however, some rest is allowed, the cell regains its strength. 
So the cell is suitable for intermittent work, — e. g. telephone, tele- 
graph, electric bell, etc. The E. M. F. is about 1'4 volts. 

The advantage of this cell is that it lasts for a very long time. 
The electric boll system of a home can be worked for years with a 
battery of Loclanche" cells with only occasional addition of water to 
ammonium chloride to replace losses by evaporation. 

The ordinary dry cells used in electric torches are usually 
Loclanche' cells where ammonium chloride -is used in the form of a 
paste. For high tension wireless batteries al^^o a number of Leclanche' ‘ 
dry cells are used. 

(b) Two-fluid Cells.— 

(i) Daniell Cell.—This cell consists of a copper vessel A in which 
stands a porous earthen pot B containing dilute sulphuric acid and an 
amalgamated zinc rod Z, The outer copper vessel contains a concen- 
trated solution of copper sulphate which acts as the “depolariser". 
In order to keep up the strength of the copper sulphate solution, 
crystals of copper sulphate are placed in two perforated shelves P anJ 
0, which are partially immersed in the solution (Fig. 6). With fall of 
concentration, the E. M. F. falls and the internal resistance increases. 


Zn reacts with liberating positive hydrogen ions according 

^ to the following equation. — 

Reaction :— + lUSO^ » ZnSO^ + 27/++. > 
The hydrogen ion diffuses through the porous 
pot and acts on the copper sulphate forming sul- 
phuric acid and liberating 0?4++-ion. 

2/7++ + CuSO^ + Ctt++. 

This copper ion is deposited on the copper 
plate and so there is no polarisation. 

The E. M. F. is 1 08 volts. The internal 
resistance is rather high. So this cell is useful 

for small but constant current. 

The advantages of a Daniell cell are— 

Pig. 6-Daniell Cell remains so nearly 

constant that it may be used as a comparison cell.' 
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{h) It will give a oonstant small current for some time without 
polarisation and with practically no expense. 

The disadvantages are : — * 

(a) When I't is left standing, diffusion takes place through the 
porous pot in both directions and the amalgamation of the zinc tends 
to wear off. 

(b) Immediately after using, the cell should be dismantled and 
it should be reset everytime before use. 

(c) Sometimes it takes as long as half an hour after it is reset 
in order to settle down and give its final E. M. F. 

(li) Bunsen Cell. — This consists of an earthen vessel P containing 
dilute, sulphuric acid, in which is placed a cylindrKal porous pot B 
containing strong nitric acid. A carbon rod C is placed in the porous 
pot, gnd an amalgamated cylindrical zinc plate Z is placed in the 
earthen vessel around tlfb porous pot. 

Reaction + /f^aS '04 * ■ ZnSO^ + 277''"*' 

2IIN0b “ 277* 0 + 2770a 

The nitric peroxide gas (NO 2 ) is soluble in strong nitric acid. 

The E. M. F. is about 
1’9 volts. This cell is use- 
ful for strong and constant 
current. The cell has got 
the disadvantage of dis- 
agreeable fumes of nitric 
peroxide. Some polarisa- 
tion is present. Cautious 
handling is required. 

(iil) Grove Cell. — This 
cell is similar to the Bunsen 
cell except that the carbon rod is replaced by a plfttinum foil, which 
is very costly. 

Dry Cell. — These cells are simply modified forms of Leclanche' 
cells rendered portable by dispensing with liquids. The nega- 
tive plate (Zn) is a zinc cylinder which forms the walls and the bottom 
of the cell (Fig. 8). The positive plate is a carbon rod C placed in 
the centre of the cylinder. The carbon rod is fitted with a brass cap 
which forms the terminal of the positive pole. Instead of a solution 
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like that of the Leclanche' cell, a paste made of sal-amoniac 
NH^Cl, Mn02f C (coke or graphite) is used and a little water is 
added in the dry cell. The space between the carbon rod and the 



^inc cylinder is filled with the paste. 
A paper lining (P.L.) separates 
the paste from the walls of the cylinder 
and the NH^^Gl acts through this. 
The carbon rod is effectively insulated 
from the bottom of the cylinder by 
means of tar paper washer (T. P. W.). 
The top of the cell is filled up with a 
layer of saw-dust (S.Z>.), followed by a 
layer of sand (,S), then by a layer 
of pitch or wax (P) to prevent loss 
of water by evaporation and short- 
circuiting of the poles. TheVe is a 
pin-hole in the *pitch or wax . thro- 


Fig. 8 — Dry Cell ugh which tlie gases escape. The 

ZnChi formed by the action of Zn on NTT^Cl, absorbs the NII^ gas. 
The coke or graphite reduces the internal resistance. The E, M, P. of 
the cell is about 1’5 volts. On continued use it may polarise, but it 


recovers if'allowed to remain on open circuit for a while. 


Standard Cells. — The E. M. F. of the cells described above under- 


goes a little change when continuous current is drawn from them, 
but for accurate scientific purposes it may sometimes bo necessary 
that the E. M, F. of a cell should remain constant. Such colls, called * 


standard cells, are used as standards of E. M. F. for determining the 



E. M. F. of other cells by comparison, 
hut they are not used for supply of 
current. The B. M. F. of these cells 
changes very little loith temperature. 
The Weston Cadmium cell and the 
Latimar Clarke cell are two 
standard cells. 

At a conference held in London in 
1908 the Weston Cadmium cell 
was accepted as a standard one. It is 
made in the form of a P'-shaped 
glass tube (Pig. 9) with two platinum 
wires sealed through the bottom 


Fig. 9— Cadmium Coll terminate at two binding 

screws. Pure mercury C is placed 
at the bottom of one of the tubes which serves as the positive pole. 
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Upon this, there is a paste of mercurous sulphate D. At the bottom of 
the other tube an amalgam of mercury and cadmium A is placed which 
forms the negative pole. For completing the electrical circuit a 
saturated solution of cadmium sulphate S is then placed in* 
both the tubes which reaches a little above the horizontal connecting 
tube. Crystals of cadmium sulphate B are placed in the 
solution to keep the strength of the solution constant. The E. M. F. 
of the cell is 1'0183 volts at 20*C.. and the following relation 
is given for calculating the E. M. F. at any other temperature, 
7? = 10 183 - 0 0000406 (t - 20) volts. 

Latimar-Clarke Cell — In this cell the arrangement is HglHg^ 
SO*: ZnSOjZn. A pool of mercury at the bottom of the cell 
forms the positive electrode. This is covered with a paste of mercurous 
sulphate in which the negative electrode, a zinc rod, is supported. 
To eifture saturation, crystals of zinc sulphate cover * the paste. The 
cell thus differs in construction from the cadmium cell in the use 
of pure ^inc throughout in place of cadmium. It is often shaped like 
a dry cell. At 15*C., its E. M. P. is 1‘433 volts and at any other 
temperature CC. it is 1'433- 0 0012 (t-15) volts. 

Only a very small current should be taken from a standard cell, 
otherwise it will be damaged, and that is why a very high resistance 
is always joined in series with such cells. 

6 Distinction between Primary Cells and Secondary Cells 
(or Accumulators). — All the volatic cells considered above are called 
primary cells as they supply the current direct from the chemical 
energy liberated inside them. These cells have now been largely re- 
placed, except for special purposes, by another type of cellSf. called 
secondary cells, whicli do not actually generate current, but a strong 
current can be obtained from the colls after a current is previously 
passed through them for some time from another source. The charging 
current is converted into chemical energy within the cells and this 
energy is utilised for supplying current afterwards. In primary cells, 
the constituents of the cell have to be supplied afresh after they are 
used up, but in secondary cells, they need not be replaced. The theory 
of the secondary cells is described in detail in Chapter YI. 

7. Electric Circuit. — When the two poles of a cell are joined by 
a wire, the path of the current through the wire and through the liquid 
of the cell is called the complete circuit, the portion of which through 
the wire is called the external circuit, and the portion through the 
liquid of the cell, the Internal oireult. The current passes from the 
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positive to the negative pole through the external and from the negative 
to the positive pole through the internal circuit (see Fig. 10). 

, When the two poles are connected by a wire, or and other conduc- 
tor, the circuit is said to be ‘closed’ 
and then only current can flow. As 
long as the two poles are not connec- 
ted by a wire, i.e. the path of the 
current is not complete, no current 
can flow, and the circuit is then 
said to be ^open\ 

It is to be remembered that the 
value of current strength, which 
depends on the E.M.F. of the cell 
and resistance of the circuit (Art. 31)» 
is the same everywhere in the 
circuit, both external and internal. 

8. Direction of an Electric 
Current (Modern View). — It has 
been stated in Art. 7 of Part VI, 
that the electrons in an atom are all 
in the shell of the atom. The same electrons may not always remain 
confined in the same atoms, but they — specially those near to the 
outermost boundary of an atom, — may become easily detached, and 
wander about in all directions for a while before they will get attached 
to other atoms. The substances in which the number of wandering 
electrons is great, conduct electricity well ; and because the number 
is great tn metals, metals are generally good conductors of electricity. 
Just as sand particles, suspended in air, can be driven onwards by & 
breeze, so, if an electric potential, or electric pressure, as it is called, 
is set up between any two points of a metal — such as can be done by 
joining the two ends of it to the two terminals of a cell — the wandering 
electrons will be driven onwards along the wire from the negative to the 
positive pole of the cell. This onward motion of the electrons along 
a wire from the negative to the positive pole is, according to the modem 
electron theory, called an electric current. 

It is to be noted, however, that it is only an accepted mode of 
speech to say that electricity flows from the positive to the negative 
pole, or from the higher to the lower potential, and it has become so 
firmly established that still this mode of describing the above pheno- 
mena is universally adopted. But, if an electric current is to be 
regarded as a flow of electrons {i e. of units of negative electricity), then 
it will travel in the opposite direction to the 'conventional* current. 
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Questions 

Art. 2. 

1. A strip of copper and a strip of zinc are dipped into a vessel containing 
.dilute sulphuric acid. The strips are attached to the two terminals of a 
[ aivanometer, the needle of which is observed to be deflected. This deflec- 
tion decreases considerably after the strips have remained for some time in 
the acid. Why is this ? What methods have been adopted in practice to 
avoid this effect in voltaic cells '? Give examples. (C. U. 1909, ‘16 ; Pat. 1932) 

2. Explain clearly the phenomenon of polarisation and its causes in 
simple cells, and show how these are removed in various cells. 

(Pat. 1930, ‘32. '38 ; Of. C. U. ‘23 ; All. ’18) 

3. Explain ‘local action’ and ‘polarisation’ and show how they are avoided 

in a Daniell cell. (G U. 1930, Of. ’41, ’46, ’48 ; Dac. ’34 ; Cf. Pat. 42) 

Why is it necessary, for the good working of the cell, that the copper 
sulphate solution be kept, concentrated ? (C. CJ. 1946) 

Arc. 3. 

4. TlSscribe any two arrangements for maintanhig a steady current of 
electricity in a given wire. Explain the mode of supply of energy for main- 
ii^^'ming it'in two cases. What becomes of the energy as it continues to flow ? 

• (C. U. 1911) 

[Hints. — Steady current can be maintained in a circuit containing 
any of the voltaic eells, say a Daniell, or a Bunsen. The energy is derived 
from the chemical action going on inside the cell, which is dissipated by 
heating the wire.] 

5. Describe a Daniell cell and explain its action. 

(C. IJ. 1911, ’14, ’21, ’26, ’28 ; Cf. Pat. 1919, ’21, ’27, ’38) 

6. What do you understand by polarisation in a voltaic cell ? Describe a 

Beclanclie cell. What are the means taken to obviate polarisation in this 
cell ? How far is this object attained ? What properties make this cell 
a suitable one for electric bells ? (C. U. 1924, Cf. '31, Cf. Pat. ’39) 

7. Describe a Bunsen cell and explain its action. (C. U. 1934) 

8. Describe a Daniell cell. Explain -the uses of its various components. 
What chemical changes take place in a cell w^hen current is taken from it ? 

(Dac. 1927) 

9. Explain the relative advantages and disadvantages of (i) a Leclanche' 

cell, (ii) a Daniell coll, and (iii) a storage cell or accumulator. (Pat. 1937) 

Arts. 4 &; 5. 

10. Account for the chemical and other changes, if any, which occur 

before and after joining the terminals of a double fluid cell by a wire. What 
advantage has a double fluid coll over a simple cell ? (Pat. 1936) 

11. What is a standard cell, and why is it so called ? (G. U. 1926) • 

Art. 6. 

12. Describe a storage coll. What is its E. M. F. ; How would you 

measure such an £. M. F. ? (C. U. 1988) 

In what respects does an accumulator differ from a Daniell cell ? 

(C. U. 1936) 



CHAPTER II 


Magnetic Effects of Currents 


9. Oersted's Experiment— In 1812 Oersted, of Copenhagen, 
made the following experiment which established a relationship bet- 
ween magnetic and electric phenomena. 


Expt. — If a stretched wire A B carrying an electric current is held 
over a pivoted magnetic needle NS with the length of the wire parallel 



to the axis of needle (Fig. 11), 
the needle is deflected and 
tends to set itself at right 
angles to the length'^ of wire, 
but being influenced by two 
forces, — one due to the magnetic 
effect of the electric current and 
the other dutfC to the earth’s 
magnetic field — it takes up an 
intermediate position. It is 
observed that (i) the direction 


Fig. 11 


of deflection of the needle 


depends upon the direction of the current ; (ii) the deflection 
increases with the strength of the current. 


10. Direction of the Magnetic Field. — To determine the direc- 
tion in which the north pole of a magnetic 
needle is deflected due to tin electric 
current, the following are the two conve- 
nient rules. — 

(1) ^Ampere’s Swimming Rule. — 

If a man be supposed to be swimming in the 
wire in the direction of the current with his 
face turned towards the needle^ then the S 

north pole is deflected toxoards his left hand 12 

(Fig. 12). 

N. B. Thus the direction of the current flowing through a wire 
can be detected by observing the direction of deflection of the AT-pole 
of a needle pivoted underneath the wire. 

'''Andre Marie Ampere, a French pioneer in Electricity (1775-1886). 
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(2) Maxwell’s Cork-Screw Rv 

screwed along the wire so that the 
point of the screw travels in the 
^same direction as the current, then 
the thumb indicates the positive 
direction of the magnetic line of 
force — i.e. the direction in which 
the north pole of a magnetic 
needle will be deflected (see Fig. 
13.) This law enables one to dra^ 
indicating their directions. 


I. — If a right-handed cork-screw be 



Fir. 13 

the lines of force around a current 


Thus, if a magnetic needle is pivoted between two parallel wires, 
one above and the other below the needle, carrying currents in opposite 
directions (see Fig. 28), the current in the wires will tend to deflect the 
needle m the same direction, i. e. additive magnetic effects will be 
produced on the needle, and more turns of the wire will obviously 
increase the effect, iust as it is done by increasing the current strength. 
Jo, by using sufficient turm of wire, a very weak current is enabled to 
produce an appreciable deflsction of the needle. This is applied in many 
galvanometers — instruments for detecting and measuring electric 
currents (see Chapter fll) — where the plane of the coil of several turns 
of wire is in the magnetic meridian. The defleclion of the needle 
depends upon the number of turns of wire and the current 
strength. 

^ 11. Magnectic Field due to a Linear current. — Since a wire 

carrying a current deflects a magnetic needle, as done by a magnet, 

it indicates that just like 
a magnet it also has got a 
magnetic held nea^ it. 
This magnetic field due to 
the current can be plotted 
(as done in the case of a 
bar-magnet) by means of 
a compass needle or iron 
filings. 

If a strong current be 
passed through a vertical 
wire passing centrally 
through a horizontally 
placed card over which 
iron filings are sprinkled, then, on gently tapping the card, it will be 
observed that {a) the iron filings (and so the lines of force) surrounding 
the straight wire set themselves in concentric circles (not, spirals) rownd 





346 


INTERMEDIATE PHYSICS 


the wire as their common centre (ITig. 14,) ; (b) the planes of the 
circles are at right angles to the direction of the wire, Henoe a mag- 
netic needle placed just below a horizontal wire carrying a current 
tends to set itself along the lines of force surrounding ^hel wire and • 
so experiences a force at right angles to the wire ; but/ under the 
action of this force and also the force due to the earth, ^the needle 
takes up an intermediate position. Now, placing a small compass 
needle on the card near the wire in different positions and marking 
its ends, the direction of the lines of force can be determined. Observe 
that (c) the direction is reversed by reversing the direction of the current. 
On looking along the wire conveying a current away from the observer 
{jd) the positive direction of the lines of force will appear to be clock- 
wise (Gf. Cork-Screw Eule). It will also be noted that (e) the strength 
of the magnetic field due to the current increases with the strength of 
the current, and ( f) decreases as the distance from the wire increases, 

(a) Rotation of a Magnet round a Current. — A line of for ce 
indicates the direction in which a free north pole should move round a 
straight wire carrying a current. But as* a single pole cannot be 
practically obtained, the above fact can not be demonstrated in practice. 
Faraday, however, devised an apparatus by which .the motion of a 
magnet pole round a current can be exhibited. 

In the arrangement of his apparatus [Fig. 14(a)l, the current 

produced by a battery passes up the 
vertical hollow brass stand A which 
is fitted at the top with a brass cuf^ 
containing mercury. Two cylindrical 
bar magnets n, s with their ro-poles down- 
wards are fixed to a brass frame- work F" 
and are suspended from a beam B by an 
unspun silk fibre. The frame F carries 
a pointer P which dips into mercury 
contained in an annular cup G which 
surrounds the magnets. As the magnets 
rotate, the pointer also moves providing 
a rotating contact in a circle touching 
the surface of mercury in the annular 
cup. The current passing up the pillar 
A goes to the pointer P through the 
frame F and thus to the mereury in the- 
mercury in the cup. The annular cup 
C is connected by means of a brass 
Fig. 14(a) connector to the nega- tive of thebattery 

while the positive is connected to the pillar A. ^ 
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The magnets rotate on completing the cirouit. The direotion in 
which the magnets rotate can be easily traced by the application of 
Maxwell's Cork-Screw rule. On reversing the current, the direction 
of ptation is also reversed. 

12. Intensity of Magnetic Field due to a Linear Current. — 

Before passing a current in the wire (Fig. 14) let a small magnetic 
needle, suspended horizontally, swing under the earth's horizontal 
field H and let the number of oscillations be n per minute ; then 
Now, pass a current up the wire and find the number of 
oscillations iny) per minute at a distance due magnetic east of the 
wire. On the east of the wire the direction of the lines of force due 
to the current and that due to the earth's field are the same ; hence 
(see Art. 33, Part V) the resultant field, where is 

the magnetic field due to the current at a distance dy_. Bepeat the 
experimeqt at a distance <^21 and let be the number of .oscillations 
per minute.* Then, the resultant field, {F^ +/jr)« 


Hence 


F; 

It will be found yiat (na® - w*) - 6^2 : dy_ 

F. dv 


.( 1 ) 


i.6. the intensity of the magnetic field dne to a current varies 
inversely as the distance. 

jfote — (i) On the west of the wire the direction of the lines of 
force due to the current and that due to the earth are opposite, so the 
resultant field would be (/^\ — H), assuming F^ to be greater, and in 
that case {Fi~~n)^n^, n being evidently less than Wi. Hence 
counting the number of oscillations of the needle per minute on the 
aast and also on the west of the wire, keeping it at the same distance 
/'pm the wire in both the cases, the direction of the lines of force due 
^io the current can he known by knowing the direction of the lines of 
force due to the earth's field, which is from geographical south to north, 
[ii) It should be remembered that the rule due to Laplace is that 
the intensity of the magnetic field at a point due to the current in a 
very short element of current is inversely proportional to the square 
of the distance from that point; but when this rule is extended * 
to the whole circuit, the results are as stated above in eq. (l). This 
was verified by Biot and Savart. 

(Hi) Again, by passing a current of double strength in the wire it 
will bq seen that the intensity at the same point near the wire will 
be/ twice as great, i.e. or the intensity of the magne- 

field at any point varies directly as the current strength. 
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13. Magnetic Field due to a Circular Current.— If a strong 
current be passed through a circular wire, then, by observing (Fig. 15) 

the effects as before, it may be noted 
that, (a) near the wire,4he lines of force 
are approximately circular, and, within 
the space enclosed hy the wire, the lines 
of force all travel in the same direction ; 
( h) near the centre, the lines of force are 
approximately parallel so that the 
magnetic field may he taken to be uniform 
for a small space round the centre ; 
(c) at the centre, the direction of the lines 
of force is at right angles to the plane of the coil. The directions of the 
lines of force can he assigned hy applying the cork-screw rule. 

From Fig. 15 it is clear that when a face of the coil is h.eld before 
an observer, the lines of force inside the ^circular wire will point 
{%) away from the observer i/ie direction of the* current is 
clock-wise, and (li) towards the obsc^rver, lohen anti-clockwise, 
The magnetic field due to a current round the 
circular loop closely resemblos the field due 
to a magnetised disc of steel having the same 
area as the area of the loop and the thickness 
equal to the diameter of the wire. Also, like 
the magnetised disc, the wire-loop will present Fig. 16 

opposite polarities in the two faces. Thus, the 
wire-loop with its current will behave like a magnetic shell the face*' in 
ivhich the current seems to pass in a clock-wise direction, 

when held perpendicularly to the line of sight, acquires south-polarity, 
and the face in which the direction is anti-clockwise acquires north- 
polarity (Fig. 16). 

Ampere’s Law. — Thus we have got the following important 
Law stated by Ampere. — A current flowing in a closed circuit of any 
shape behaves exactly like a magnetic shell, the edges of which coincide 
with the wire carrying the current, the moment of the shell per unit 
area (strength of the shell) being equal to the current strength. 

14. Intensity of Magnetic Field at the Centre of a Circular 
loop. — The intensity of the magnetic field F at the centre of a circular 
loop of wire carrying a current {i.e. the force in dynes on a unit N- 
pole) varies directly as the strength of the current G passing round the 
•coil (the stronger the current the greater the effect), i.e. G : also 
F^ directly as the length (I cms.) of the wire forming the coil, i.e. F^ I ; 
.again, F°^ inversely as the square of the distance of the wire from 
the centre, i.e. the radius r of the coil ; so F^ llr^. 
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Thus, k , 'where A; is a constant ... ... (l) 

^2 

.^(a) The Electro-magnetic Unit of Current.— We have seen 
tliat the strength of the magnetic field at any point near a wire carry- 
ing a current depends upon the following three things : — 

(i) The length of the wire carrying the current ; {ti) the distance 
of the point from the wire and the direction of flow of the current 
(Hi) the strength of the current. 

So, in order to build up the definition of unit current, unit 
quantity of each, which goes to build it, must be taken. 

, The eq. (l) enables us to define the unit of 

current. For, when the length of the wire Z=“ 1 cm., 
^ radius r=l cm, the current can bq so chosen 

'Ikl force at the centre F=ldyne If tbia 

gA current is taken to be unity, then in eq. (l) k^l. 
tdune '' ' Hence — • 

^ ‘ i current is defined as the current 

which Jlowimj in a wire q/* / cm. length be7it i?ito an 
arc af a circle of 1 cm. radius exerts a force of I 
dyne on a unit magnetic pole placed at the centre 
(Fig. 17). 

This unit is called the C G. S. Electro magnetic (or absolute) 
uii^t of current ; it is called electro-magnetic because it is based on the 
magnetic effect of an electric current. 

The practial unit of current is the Ampere. 

1 ampere = 1/10 C. G. S. electro- magnetic unit= 10“^ E. M. U. 

f ^ (In the above case one ampere would exert a force of O'l dyne on* 
the unit pole at the centre.) 

Then the expression for the intensity of the field becomes, 

F^Clir^ (2) 

(b). Field at the Centre of a Circular Coil. — 

If in eq. (l) the whole length of the circular wire is considered,. 

, .. n 2^r0 2^C , / X 


thenJ"27*r, and F* 


dynes (or gauss.) 

r 


2^nC , 

i If there are n turns of wire, F- dynes. 
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If in eq. (3) 0 is measured in amperqs, then 
equivalent to C/10 £. M. U. of current. 

Then F ^ dynes 

lOr 


0 (amperes) will be 


(4) 


Examples. -^(i ) A compass needle suspended at the centre of a circular coil of 
wire tvith tts axis in the magnetic meridian makes 10 vibrations per minute in the 
earth* s field alone and 16 vibrations per minute when a current passes through the 
ooiL Find the magnetic field due to the current in the coil when the horizontal 
component of the earth's field is 0'2 gauss. 

Let = horizontal component of the earth's field; 7^^= field due to the 
current in the coil ; w = no. of vibrations due to the earth’s field alone “10 
per minute ; — no. of vibrations due to the combined field of the earth and 

that due to the current" 16 per minute. 

Two cases may arise due to the direction of the current in the coil. — 


(a) When field due to the current and that due to the earth' are in the 
same direction, we have the combined field" (F+i7). 


; and 


F + J/ 
H 


- ^ 


Hence = 
£1 


th. 




= -im /'’-r56 1-56 X 0-2 = 0-312 gauss. 

(b) When the field due to the current and that due to the earth are in 
opposite directions the combined field will be (F — //), and then we have» 

“V" fl«V : or25F-89fr=89x0-2 ; P’ = 0-712 gauss. 

H \10/ 25 , 

(2) A current of 1 ampere flows at right angles to the magnetic meridian in a 
circular coil of wire of W turns and radius 10 cms. Find the magnitude of the 
magnetic field at the centre of the coil. 

A short magnetic needle suspended at the centre of the coil makes 10 vibrations 
per minute with no current passing. On passing the current it swings through 180^ 
and then makes 15 vibrations per minute. Explain this. What is the strength of 
the earth's field ? 

s TV 2xyxl0xl 

We have, F— - from eq. (4) m Art. 14 (a) ; " 

lUr lU X lu 

“0*628 gauss. 

The magnet swings through 180° when the current passes through the coil 
so that the direction of the magnetic field due to the current in the coil must bo 
opposite to that of the earth’s field which has turned the magnet through 180°. 

(As in tlie last example) combined field "F — H. 

So I ; whence ISZf- 4f’- 4 x 0-628-2-612 ; 

H " 0'198 gauss. ■ 
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15. Solenoid.— A long insulated wire wound in the form of a 
epiral of several turns, with the ends bent along the axis and brought 
near the middle (see Fig. 19), will form what is called a solenoid. 

^ It has been seen in Art. 13 that a single turn of wire carrying a 
current behaves like a magnetised disc, so when a current is passed 
through a solenoid, each turn of the spiral will behave like a magnetic 
disc, but its polarities are destroyed by the opposite polarities of the two 
neighbouring turns, except at the two extreme faces where only the po- 
larities are exhibited. According to the.:rule8llalready stated (Art. 13), 



Fig. 18-Solciioid Fig. 19-Floating Battery 

the polarities of the faces can be determined. The face in which the 
•urrent is seen to flow in the clock-wise direction will have soulll 
polarity, and the other face in whicli the direction is anti-clockWise 
will have north polarity ; and the solenoid behaves exactly like a bar- 
magnet. Fig. 18 represents the distribution of lines of force jvhen a 
current flows through a solenoid. It will be seen that the external 
magnetic field duo to the solenoid is very similar to that of a bar- 
magnet. The polarity of the solenoid can be reversed by reversing the 
direction of the current. 

The action of a solenoid is experimentally verified by De la Rive’s 
Floating Battery (Fig. 19). The two ends of the wire of a solenoid 
ate soldered to a zinc and a copper plate immersed m dilute sulphuric 
acid contained in a beaker, which is made to float in water being nxra 
to a pad of cork or rubber. A simple voltaic cell, thus formed, sends 
a current through the solenoid, which, like a floating magnet, turns and 
points towards the north and south pole of the earth. The clock-face 
rule stated above can bo verified by testing the polarities with another 
permanent bar-magnet. 

[ (a) Field inside a Solenoid.— The strength of the magnetic field 
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inside a solenoid of given shape and size depends upon two factors — 
(i) the number of turns of wire in the coil, and ( ii) the strength of 
the current. 

Moreover, if the number of turns is doubled, the resistance of the ' 
wire is doubled and the currrent strength is halved, the intensity of 
the held inside the solenoid remains unchanged. Hence the field de- 
pends upon the product of the above two factors, the current G (in 
amperes) and the number of the turns n, or, in other words, the 
number of ampere-turns. Thus if F be the inthpsity of the field 
inside the selenoid, wO ; or wC, where a is' a constant, the 
value of which for a long solenoid is 0’47i, when G is in amperes. 

. . i^*=0'4^nC. The quantity nG is called ampere* turns. 

When G is expressed in C. G. S. electro-magnetic units, the inten- 
sity F inside the solenoid is given by F^^^nG. 

16. Electro-magnet. — If a rod of soft iron be placed inside a. 

spiral of wire through which a current is 
passed, the rod becomes magnetised with- 
opposite poles at the ends. When the 
current is turned off, the soft iron rod loses 
its magnetism. When the current is reversed^ 
the polarity is also reversed. Such an 
arrangement is called an electro-magnet. 
If the iron bar is in the form of a horse- 
shoe, then the arrangement is called a horse- 
shoe electro -magnet (Fig. 20). A very in 
tense field is produced between the pole- 
pieces of a horse-shoe magnet. 

The coil of wire must be wound around the two limbs of such a 
magnet in such a way that, when held in front, the current would 
appear to flow in a cLock-wise direction at one end and in an anti- 
clockwise direction at the other end. To do this, the two limbs of the 
electro magnet are wound with the wire in opposite directions as 
shown in the figure and finally the two terminals are connected to* 
two binding screws. In this way the actions of the two straight 
solenoids, corresponding to the two limbs, as they are found, assist one 
another by setting up lines of force in the same direction through the 
iron. The strength of an electro-magnet depends on the ampere-turns 
per cm. Lvide Art. 15 (6)J and the quality of the core. Moreover, to 
make the field intense and localised in a small space the two poles are 
brought close and sometimes detachable pole-pieces of soft-iron^ 
varying in shape according to the purpose of use, are mounted on the 
poles. An interesting application of an electro-magnet is in the Electric 
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Fig. 20 — Electro magnet 
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Bell (see Chapter YIII). Besides this, induotion coils, transformers, 
telephonic and telegraphic receivers, loud speakers, cranes, etc , are 
several examples of the various uses of electro- magnets. 

" (a) Different Uses of Electro-magnets — The eleotro-ma^ets 

can be made much more powerful than permanent magnets, and they 
are used for several industrial purposes, such as (a) for lifting heavy 
pieces of iron ; (&) for separating iron from mixtures containing non- 
magnetic substances, e,g. from clay used in porcelain manufacture ; 
(c) for an apparatus that is a magnet only temporarily and can lose 
its magnetism as desired, — e.g. in working electric bells, relays, etc. ; 
and id) for producing an intense magnetic field as required in electric 
motors and generators. They are also used in surgery for removing 
small pieces of iron from the eye. The electro-magnets used for 
d fferent purposes may differ widely in their constructions and designs, 
but the nrinciple used in all of them is the same. • 

Another Use. — Electro-magnets can be used to prepare good per- 
^'\nent magnets. The methods are as follows* (?) Draw each face 
of a bar of steel several times across one pole of the magnet, the strok- 
ing being always in the same direction. Finally touch each end of the 
steel bar with an unlike pole of the electro-magnet, and then slide off 
at right angles to the surface where the contact is made. 

ill) Place the bar across the top touching the two poles of the 
electro- magnet and start and stop the current several times. Switching 
the current on and off during the process of magnetisation helps to jerk 
the molecular magnets of the bar, but a few gentle taps, while the 
current is on, will help the process and thus increase the strength of 
the new magnet. 

(b) The difference in action between an electro-magnet and 
a natural or artificial magnet lies in the following respects; : — (t) 
^ An electro- magnet is more powerful than a natural or an artificial 
magnet. The action of an electro magnet increases with the strength 
of the current in the coil surrounding it until it reaches the saturation 
stage, {it) The magnetism in an electro- magnet disappears as soon as 
the current ceases to flow, but in a natural or an artificial magnet the 
magnetism is more or less permanent, (n) The polarity can easily 
be reversed in an electro-magnet by reversing the direction of the 
current, but this cannot be easily done in the case of a natural or an 
artificial magnet. 

17 Action of Magnets on Currents. — We have already consi- 
dered the action of currents on magnets and - observed that a 
freely suspended magnetic needle brought near a current-bearing 
^conductor is deflected. Here we shall consider the action of 

28 (II) . 
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magnets on currents, and the case of the rotation of a current 
round a magnet. The method is due to Faraday. 



Fig. 21 


Expt — A glass tube is taken which is closed at 
both ends with corks and clamped vfirtically (Fig. 21).' 
Through the lower cork the north polo of a bar- magnet 
projects a short distance into the tube, and througli 
the upper one a wire is suspended from a hook with 
the lower end dipping in mercury poured into the 
tube, so that the pole projects slightly above the 
surface of mercury. On passing a strong current 
down the wire, the wire will be found to rotate 
round the pole of the magnet. If the current is reversed, 
the direction of rotation of the wire is also reversed. 

Fleming’s Left-hand Rule. — To determine the direc- 
tion of deflection of a linear current placed at right 
angles to a magnetic field, ^ the following rule due to 
Prof. Fleming is useful. — rUold the thumb and first ' 
finger of the left hand as fully extended as possible^ 
and bend the second finger at right angles to the 
palm so that the three fingeis are mutually at 


right angles to each other. If the first finger points in the direction of the 


lines of force^ and the second finger to that of the current^ then the thumb 


will indicate the direction of ^notion of the conductor (see Pig. 22). 



lilufltration of Fleming's Rule. — Fig. 23 

Fig. 23 illustrates how Fleming’s rule can bo verified directly. From 
a horizontal metallic support a conductor AB is suspended at its upper 
end which terminates in a ring. The lower end B dips in mercury 
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kept in a trough which is placed, as shown in the figure, between the 
opposite poles of two bar magnets DS and CN. As a current is 
passed between the trough and the horizontal wire. AB moves out 
of the magnetic field in a normal direction. The direction of deflec- 
tion is reversed either on changing the direction of the current 
or of the field, the direction being always in accordance with 
Fleming’s rule. 

18. Barlow's Wheel. — The Barlow’s wheel • is an instance of 
rotatory motion of a conductor carrying current placed in a 
magnetic field. 

It consists of a star- shaped metal wheel, capable of rotating 
about a horizontal axle (Fig. 24). It is 
so arranged that when the wheel rotates, 
only one tooth of it just dips into a 
groove (at the base) containing mercury 
placed J^etween the poles of a strong 
horse-shoe magnet, the plane of the 
wheel-disc being at right angles to the 
. field. As one tooth jifst leaves the 
mercury, the next is about to make 
contact. As sdon as current is made 
to pass from the axle to the mercury 
through a tooth of the wheel, the wheel 
begins to rotate. On reversing the cur- 
rent, the direction of rotation is also 
^reversed. The speed of rotation depends 
on the strength of the field and the Fig. 24 

strength of the current. The direction 

of rotation can be determined by Fleming’s left hand rule. The experi- 
ment embodies the principle of the electric motor (Art. 79). 



Explanation of the Direction of Motion in terms of lines of 
force. — Fig. 25 explains the behaviour of a current-bearing conductor 



Fig. 25 


placed in a mag- 
netic field (as in 
the case of Bar- 
low’s wheel) in 
terms of the pro- 
perties of lines of 
force. Fig. 26(^4) 
represents the 
lines of force pas- 
sing from the 


north to the south pole of a magnet, and the circular lines of 
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force in Fig. 25(J9) are due to the electric current in a linear 
conductor flowing downwards perpendicular to the plane of the paper. 
Fig. 25(C) represents the resultant effect of placing the conductor in 
the magnetic field, where it may be noticed that on one side of the. 
conductor the two sets of lines of force are in the same direction 
(upper half) and repel each other, while on the other side (lower half) 
they are in opposite directions and cancel each other. The resultant 
effect of mutual repulsion is the movement of the conductor in the 
direction indicated. 

19. Action of Currents on Currents. — It has been found that 
a magnetic field is always present round a current-bearing conductor. 
If a second current -bearing conductor be brought within the field due 
to the former, there will be attraction or repulsion between them 
according to the following laws : — 

(Ij Laws of Parallel Currents. — Two parallel currents flpwing in 
the same direction attract each other (Fig. 26 a), and flowing in opposite 
directions repel each other (Fig. 26 d). 

Suppose in two parallel wires A and' /i, suspended vertically, 
currents are flowing downwards, then the direction of the lines of 
magnetic force in each wire will be as that shown in Fig. 25(J5). It 
will be noticed that the direction of the lines of force due to one 
of them, anywhere between the wires, will be opposite to that due 
to the other. So, if one of the wires is placed within the field of 

I 

4 

{cj 

attraction 


(f) 

Repulsion 

the other, then they will be attracting each other. If the current 
flows in opposite directions, the directions of the lines of force 


(a) 

attraction 


(b) 

attraction 


(d) 

Repulsion 


(e) 

Repulsion 
Fig. 26 
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meeting at a point between the wires will be the same, and so 
they will be repelling each other. This also follows from Fleming’s 
Left-hand Buie, Considering one of the wires ^ to be fixed, and 
other B free to move, the direction of the magnetic lines of 
force at any point on B due to the current in A is perpendicular 
both to A and to the line joining the point to the wire A at right angles. 
Now applying Fleming’s rule it will be 
found that B will tend to move towards 
A, If the current is reversed, A and B 
will repel each other. 

(2) Laws of Oblique Currents. — 

Two oblique currents attract each other 
when they proceed from (Fig. 26 h), or 
to (Fig. 26 c), their apparent point of 
intersection, and repel each other if one 
flows from, and the other towards, that 
voint (Figs. 26 e d' /). 

Roget’s Vibrating Spiral. — By this, 
experiment the ^attraction of parallel 
currents flowing in the same direction can 
be verified. It is a cldse spiral wire which 
hangs vertically carrying a small metal 
weight L at the lower end just dipping in 
a mercury cup placed below (Fig. 27). The 
iqpper end of tlie spring is attached at the top of a stand. When a 
current is sent through the coil, adjacent turns carrying currents in 
the same direction attract each other (like parallel currents) and so 
the small weight is lifted out of mercury. This breaks the current. 
As soon as the current stops, the attractive force is removed and the 
spiral drops back in mercury by its own weight. This restarts the 
^current, and the former process is repeated every time. 





Fig. 27 -Roget’s Vibrating 
Spiral 
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Questions 


1. You have access to the terminal wires of a hidden battery. How can 
you find out which wire is connected to the positive pole of the battery ? 

(Pat. 1987) 

2. How would you demonstrate the magnetic action of electric current ? 

(Dac. 1940) 

3. What is an electric circuit ? Describe two methods by which you 

could detect the existence, and determine the direction of an electric current 
jfiowing in the circuit. (0. U. 1914 ; Cf. Oal. ’46) 

{See also Art. 7) 
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4. A current passing through a long wire is so weak that, when the wire i» 
stretched over and parallel to a suspended magnetic needle, the needle is not 
perceptibly affected. Describe and explain an arrangement which would 
enable you to obtain a movement of the needle by the actioi^ of the current. 

(C. U. 1923) 

I Hints. — The wire should be coiled several times round the needle and the 
plane of the coil should be set in the magnetic meridian. If there are n turns 
of the coil, the magnetic effect produced on the needle would be n times as 
that due to a single turn. (See also Art. 20)] . 

Art. 11, 

6. A strong electric current is passing through a long wire stretched 
vertically. State clearly how would you detect the direction of the current 
from its effects ])y (1) a magnetic needle, (2) the rate of vibration of the 
magnetic needle, and (3) a flexible wire carrying current. (Pat. 1928) 

[Hints. — (l) Apply Maxwell's cork-screw rule ; (2) Sec Art. 12, (i) note ; 
(3) Sec Art. 20]. ‘ ' ’ 

6. Describe the magnetic field in the neighbourhood of a long, straight 
conductor carrying a current and show how you AV/)uld verify your description. 

What experiments would you arrange to find out - how the conductor 
carrying an electric current tends to move in a magnetic field ? (Pat. 1932) 

7. A small magnetic needle is suspended on a vertical i)ivot. Hovr 
would it place itself and why '} 

A wire carrying a current is held horizontally (a) along, (b) perpendicularly 
to the magnetic needle above its centre. Explain tlic effects observed. 

The current is (a) incrc ised in intensity ; (b) reversed in direction ; what 
will be the effects ? Why ? . (C. U. 1919; 

[Hints. — (Sec Arts. 9, 11 and 12.) (b) If the current flows from west to 
east, the direction of the magnetic lines of force due to the current is 
the same as that due to the earth’s field. Hence the needle is unaffected ; 
but if the direction of the current is opposite, the needle will turn round, 
when the field duo to the current is stronger. 

The intensity of the magnetic field increases by increasing the current 
strength and so the needle is deflected more. Reversing the direction of the 
current, the needle is deflected on the other side of the meridian.] 

8. Give an idea of the magnetic field due to a straight current. From 
the observation that two parallel currents attract each other, deduce a general 
rule for the action of a magnetic field on a conductor carrying a current. 

[See Arts. 11, 17 and 19 ; (P'^leming’s Left-hand Rule)]. (Pat. 1927) 

Art. 12. 

9. A current is flowing in a straight wire four metres long. You are 
given a magnetised steel needle about 1 cm. long suspended by means of a 
silk fibre. How would you prove experimentally that the strength of the 
magnetic field due to the current falls off as the distance from the wire 
increases. 
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Art. 15. 

10. Describe experiments to show that a circuit carrying a current 

behaves like a magnet. Under what circumstances will two neighbouring 
.circuits repel each other ? Why ? (See also Art. 19). (All. 1928) 

Ara. 16. 

11. Describe the construction of an electro-magnet. 

(C. U. 1912, ’15. ’18. -21, *26, '32, ’45 ; Utkal 1947 ; Cf. Pat. ’49) 

How dow does it differ in construction and action from (a) a natural magnet, 
(b) an artificial magnet ? (0. U. 1918) 

Arts. 17 & 18. 

12. Describe an arrangement for producing continuous rotation of a wire 

carrying current when j)lticed in a magnetic field. How is the direction 
of the current related to the field *? (C. U. 1917, ’19) 

13. * .Describe experiments which illustrate the action betx^cen two currents, 
and that of a magnet on a current. (Sec also Art. 19). (C. II. 1912. ’16, ’17, ’29) 

14. Explain the action of Harlow’s Wheel or any .arrangement for produc- 
ing continuous rotation by electrical me.ans. 

(C. U. 1912, 18, '22, '26, '30 ; Pat. ’47) 

15. Describe flarlow's AVlicel. and explain how it can be used to demons- 

trate* the principle of \y(a'king of an electric motor and a dynamo. On what 
factors does the speed of rotation of the wheel depend I (Pat. 1944) 

(See also Art. 77) 

Art. 19. 

• 16. Describe and explain the principle of action of the Uoget’s Vibrating 

Spiral. (Pat. 1947) 


CHAPTER III 

Oalvanometers 

20. Galvanoscope and Galvanometer — An instrument to 
detect the presence of an electric current is termed Galvanoscope. 
A galvanoscope or a galvanometer depends upon the mutual interac- 
tion between the magnetic field due to a current and that due to a 
permanent magnet. 

A simple galvanoscope consists of a freely suspended magnetic 
needle surrounded by a few turns of wire, the plane of which should 



360 


INTERMEDIATE PHYSIOS 


be in the plane of the magnetic meridian (Fig. 28). As soon as a 
current passes in the coil, the needle is deflected 
f f ■ ' " tends to set itself at right 

I angles to the plane of the meridian, as the 

I ^ ^ lines of force of the magnetic fiel^ due to the coil 

perpendicular to the plane of the coil ; but at 
^ * the same time, the needle is also influenced by the 

Fig. 28 earth's magnetic field, ^hich tries to pull the needle 

back into the magnetic meridian, i.e. the action of the 
earth on the needle is opposing that of the current. By applying Ampere s 
rule it will be evident that currents in the wires, both above and 
below the needle, which are in opposite directions, will produce 
a deflection in the same direction, and so additive magnetic effects 
will be produced on the needle. So the deflection of the needle is 
due to the resultant of these two forces- — the force due to the earth’s 
magnetic field, •known as the controlling force, and that due to the 
magnetic field of the coil, known as the deflecting force. 

The Magnetic field due to the coil depends upon the current 
strength, and on the number of turns of the coit as each turn is effective 
in producing a magnetic field (see Art. 9.). So in this way extremely 
weak currents can be detected by increasing the number of turns of 
wire surrounding the needle. 


Galvanometer.— This is an instrument for detecting the presence 
of, and also measuring the strength of, electric currents. There are 
two types of galvanometers : — (i) suspended- needle type (moving 
magnet type) — in which the coil is fixed and the magnetic needle is 
movable, viz. astatic galvanometer, tangent galvanometer, sine 
galvanometer, etc. ; (ii) suspended-coil type (or moviog^coil type), in 
which the coil moves and the magnet is fixed. 

21. Astatic Pair of Needles : Astatic Galvanometer.— If 

two magnets are so chosen that their resultant moment is zero, the 
pair will remain at rest, when sus- 
pended in any n^anner in a uniform 
field. Such a pair of magnets is 
said to he an "astatic’’ pair. It 
is practically obtained by 
taking two magnets NS and N 'S' 
of equal length, and of almost equal 
pole strength, and placed parallel 
to each other with opposite poles 
towards the same end, the two 
being rigidly fixed together in a 
frame (Fig. 29). 



Fig. 29 — Astatic Pair of Needles 
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An astatio pair, free to rotate horizontally, would come to rest in 
«ny direction, not necessarily in the magnetic meridian. In practice, 
however, it is not possible to secure two needles of exactly the same 
. strength, and so the combination behaves as a weak magnet on which 
jhe earth’s turning effect is very small. 

If m and m! ^ which are nearly equal, are the pole strengths 
of the magnets of an astatic pair, the force due to the earth’s field 
acting on one of the magnets is mil, and^ that on the other m*II, 
So the resultant controlling force acting on the pair is (mil -m' IT). 

Astatic Qalvanometer. — This consists of an astatic pair of 
needles, i.e. a combination of two needles of equal length 
and streentb, rigidly fixed parallel, with 
their opposite poles adjacent, and suspended 
by means of a single silk fibre (Fig. 29). The 
lower needle of the pair moves freely within 
a coil ABCD of many turns of wire wound 
o.n a wooden frame, and the upper one lies 
aYove the upper layer of th% coil. An alumi- 
nium pointer, attached at right angles to the 
. pair, moves freel^f over a graduated circle 
to show any deflectibn. The deflection may 
be measured, with greater accuracy, by a spot 
of light which is thrown from a lamp on the 
mirror M attached on the suspension fibre and 
r^eived on a distant translucent scale after 
reflection (see Art. 25). Twb unlike poles of the 
magnetic needles being adjacent to each other. Fig. 30 — Astatic 
the turning effect of the earth’s magnetism on Galvanometer 

one is almost cancelled by an almost equal 
^ effect in the opposite direction on the other. Thus the controlling 
\ '\i,e. opposing) force due to the earth’s magnetic field is very small, and 

' so the deflection of the pair is larger for a very weak current. The 

only controlling force in this case is the torsion of the silk fibre. 

To use the instrument, which is depicted in Fig. 30, it is first 

levelled by means of levelling screws and is so placed that the coil is 
parallel to the length of the pair. 

The strength of the current is proportional to the angle of deflection 
as long as it is small (not greater than 10** to IS**). 

22. The Sensibility (or Sensitiveness) of a flalvanometer. — 

This may be defined as the amount of deflection obtained with a given 
J^^nrrent, The galvanometer which gives a considerable deflection with 
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a- weak current is said to be sensiitve. The sensibility of a galvano- 
meter is measured by th') deflection produced by one micro- ampere 
(10 “* ampere) current. 

In the case of a reflecting galvanometer, ’ sensitiveness is" 
measured by the current in amperes required to produce a deflec- 
tion of one scale division (mm.), the scale being placed at a distance 
of one metre from the coil or needle This is called the figure of 
merit of the galvanometer. 

It will be shown presently (see also Art. 24, Part V) that if 
the needle of a galvanometer comes to rest making an angle 0 with 

the magnetic meridian, then tan 9 
— F'TT, where F and 11 are the 
strengths of the magnetic fields due to- 
the current and the earth respectively. 
Therefore the sensibility of a (jalvano- 
meter can be increased by (i) increasing 
F, the defleeting force, which may be' 
effected, within certain limits, by 
increasing the number of turns, l.this 
cannot be increased indefinitely as it 
will increase the resistance which will 
reduce the current strength (see Art. 
31)1 ; and (ii) by diminishing H, the 
controlling force which can be done 
by using an astatic pair of magnetise® 
needles as already described. 

23. Tangent Glavanometer. — 

The Tangent Galvanometer is a moving 
magnet, fixed -coil type of galvanometer. 

Fig. 31 — A combined form of This consists of a circular coil of several ' 

Tungeiit and Sine Galvanometer turns of insulated copper wire mounted 
vertically on a wooden board provided with levelling screws (Fig. 31). 
The frame containing the circular coil can revolve about the vertical 
axis over a circular scale on the wooden board at the base, and any 
rotation given to the coil can be measured in this scale by means of a 
light pointer attached to the frame and rotatable with it. At the 
centre of the coil a horizontal circular scale (graduated in four 
quadrants reading 0* to 90®, 90® to 0®, etc., successively) is fixed, and a 
small magnetic needle is suspended or pivoted at the centre. The 
needle is provided with a long pointer of aluminium wire attached 
at right angles to its length, which moves over the graduated scalo 
with the movement of the needle. 
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The needle and the scale are enclosed in a flat casing provided 
with a glass top. There is a strip of circular mirror at the base of 
this casing and in it the reflection of the pointer is observed to avoid 
'parallax error in reading the deflection of the needle on the 
graduated scale. In some instruments, instead of one coil, two or 
more coils of wire having different diameters and turns, and each 
having separate binding screws, are set up in the frame and any, or 
all of them at a time, may be used according to necessity. 

Theory and Use. — (z) All permanent magnets or magnetic subs- 
tances must be removed as they will affect the position of the needle. 
in) The instrument is levelled so that 
the needle moves freely and rests 
exactly over the. centre of the scale. 

(iii) The coil is then rotated until it is 
in the- piagnetic meridian, i.e. parallel 
to the needle, so that the coil and 
the needle are in the same vertical 
h’.ane. The pointer cait’ied by the 
needle should now point to the zero 
on the scale ; ifr not, the circular scale, 
which is rotatable, is ^rned till the zero 
of the scale comes against the pointer. 

Now, when the current passes through 



the coil, the needle NS is deflected 
through an angle 0 (Fig. 32). If F be lig. 32 

trie intensity of the magnetic field at the centre of the coil 
due to the current and m the pole strength of the magnet, 
the forces acting on both the poles will be mV dynes, which will 
form a couple. Another pair of forces, each equal to mH dynes, 
due to the earth’s field, will act on the poles of the needle and telhd to 
bring the needle back to the meridian. Due to the opposing action of 
these two couples, the needle finally comes to rest making an angle 0 


with the magnetic meridian. At this position, the moments of the 
couples balance each other (read Art. 24 with ‘note’. Part V), whence. 


tan 9 (l) 


or, the tangent of the angle of deflection is x^i'oportional to the deflect- 
ing force Ft since H is constant for the given place. This is known as 

the Tangent law. 

If the number of turns used**n : the mean radius of the ooil“r 
cms., and current strength =• 0 in E. M. units, we have, from eq. (3), 

Art. 14, the magnetic field at the centre, F^^~~ , 
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Henoe from eq. (1), tan 9 ; 

T 

^ 2 ^^"” fl-Qtanfl (9) 

where which is constant for the same galvanometer and 

is called the Galvanometer Constant. 

Again, for the same place U is constant. So, in a particular place, 
the quantity TUG is a constant for the same galvanometer. 

Putting TllG^K, we get C (in E. M. U.)“2ir ^an 0, where is 
called the Reduction factor of the galvanometer. It is the factor 
by which the tangent of the angle of deflection must be multi- 
plied to give the value of the current strength in e. m. units 

It should be noted that the galvanometer constant is the same 
for any particular instrument, whereas its reduction factor vari68 from 
place to place as the value of 11 varies. 

In the above equations, the value of G is expressed is C. G. S. 
electrO’ magnetic units : but if i be the number expressing the strength 
of the current in amperes, then, since 1 ampere is equa^ to iV G. 6. S. 

funit of current, z“10 C : or G— ; 

or i (amperes) “ 10 IIlG tan 0 - 10 K tan 0. 

This instrument is called the Tangent Galvanometer as it obeysc 
the tangent law, that is, the tangent of the angle of deflection produced 
by the current is proportional to the current passing round the coil. 
Thus, if a current produces a deflection of 20^, then the deflection, 
when the current is doubled, will not be 40°, but an angle the value of 
whose tangent is twice the value of tan 20°. In order that the 
tangent law may be followed, the field due to the current in the coil 
should be uniform in the region in which the needle moves. As the 
magnetic field due to the current is fairly uniform over a small region 
round the centre in the horizontal plane (see Fig 15 and read 
Art. 13), the needle of the galvanometer. should be very short, so 
that the whole of it may move in a uniform field and the relation 
given in eq. (l) or (2) may hold good. 

The following important points should be borne in mind regarding 
the use and adjustment of a tangent galvanometer. 

(1) It should be noted that the galvanometer needle will not at 
.all be deflected^ if the plane of the coil is at right angles to the plane 
• of the magnetic meridian. 
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(2) Any current from zero to infinity can be measured with a 
tangent galvanometer, but when using a tangent galvanometer, matters^ 
should be so arranged that the deflection is as near 45^* as possible — 

. ^at least it should be between 35 and 60° so that any error made in 
reading the angle may introduce the minimum error in the value of- 
the current. 

(3) The reason for placing the plane of the coil in the magnetic 
meridian is that the suspended magnet may experience the greatest 
couple twisting it out of the meridian, while the horizontal compo- 
nent of the earth’s field If tends to keep it in the meridian, and this 
is exactly the condition of the tangent law (see eq. 1, p. 363). 

(4) Though, just when the current is allowed to fiow in the coil, 
the deflection niay go beyond 90° due to inertia, there cannot be a 
permanent deflection of 90° in a tangent galvanometer owing to the 
opposing effect of the controlling field due to the earth’s magnetism. 

(5) Note that the tangent galvanometer is essentially a magneto- 
meter (Art. 29, Part V) in which the magnetic field F is due to a. 
V'irrent flowing in a circulSr coil, the plane of which is in the magnetic 
meridian. Magnetometer is used for the measurement of magnetic ^ 
field, and tangent*gaivanometer is used for the measurement of current. 

(6) From eq. 3 (Art. 14), it is clear that the intensity of the mag- 
netic fields due to the current, produced at the centre of a tangent - 
galvanometer {a) varies directly as the number of turns (w), and (b)> 
inversely as the radius (r) of the coil. To make the arrangement 
Sensitive, the coil should be of small radius and comprise many turns. 

(7) Headings should always be taken vertically from above the 
pointer, i.e, when .the pointer is just above its own image in the 
mirror in order that error due to parallax may be avoided. 

(8) If the needle is suspended, then it should be examined 
whether the needle truly lies in the magnetic meridian or not. If 
not, there is tension in the suspension fibre, which must be avoided. 

(9) In working out the theory of the instrument the magnetic 
needle has been assumed to move in a uniform field. In order that- 
this condition may be at least roughly fulfilled, the needle should be- 
as short as possible because, for only a small region near the centre of 
the coil, the field is uniform. 

(10) For small deflections near zero, the tangent galvanometer 
is most sensitive, but it is accurate near about 45°. 

• 

(a) SenslUveoeBS of the Tangent Galvanometer. — The sensi- 
tivenesB dapenda upon the amount of deflection for a given current 
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(Art. 22). So it is clear that the sensitiveness of the tangent galvano- 
meter will increase if (i) n is increased, and (ii) r and II are decreased 
(see eq. 2, p. 364). But it should be noted that by increasing n the 
resistance is increased and so the strength of current is diminished. 
Hence n cannot be increased indefinitely. Again r cannot be decreased 
below a certain value as the needle has got some definite length. So 
the only other suitable method is to decrease the controlling field 
JI by any artificial means. This can be done by fixing a bar-magnet 
horizontally above the galvanometer needle and adjusting its distance 
(and so the magnetic field due to it) such that it opposes the horizontal 
field duo to the earth. It thus produces a resultant field which is 
weaker than the earth's field, and the value of the controlling field 
being thus reduced, the galvanometer gives a greater deflection for 
a certain current. 


Examples — (/) A current of 10 amperes produces a deflection of 45“ i?i a 
tanqent qalvannmeter. What is the value of the current winch vnll ' produce a 
deflection of .70“ in the same galnanometer ^ {C. U, 1933) 

A current of 10 amperes produces a deflectic^n of 45**. So from the relation^ 

C-lOK tan we have, 10*= 10 K tan 45®= 10 K ; or A"*l. 

The current (in amperes) required to produce a deflection of 30® : 

0“ 10 K tan 30®=10x 1 x l//^3“5‘7 amperes. 

(2) A current is sent through two tanqent galvanometers in series. The 
radius of the coil of one of these is three times that of the other and they hove the 
same number of turns. Tf the deflection in the latter case he 00“, what is the de- 
flection in the former ? (C. U. 1^40) 


Let and r 2 he the radii of the coils of the Ist and ‘2nd galvanometers 
respectively and let ri-'3r2. • 

Because the galvanometers are joined in series, the current is the same in 
each of them, and no. of turns n being the same, 

tan 9^ ^ H'r.j tan 9^ 

‘2x71. 2xn 




or 


tan 9^ = r .2 tan ; h^it 
3 tan Js ; or tan 9 


■Srn, and 9^ = 60® ; . 

= V . . e 

3 ^/3 ’ ■ 


*. 3/*2 tan 9^ 
1-30°. 


^2 tan 60“ 


24. The Sine Galvanometer. — This galvanometer is similar to 
the tangent galvanometer with this difference that the coil of the sine 
galvanometer can be rotated round a central vertical axis, and that a 
horizontal circular scale (Fig. 31) is provided on the base-board to 
read accurately t}ie amount of rotation. A pointer rigidly attached to 
the frame of the coil enables the amount of rotation to be determined 
from the base scale. 
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Theory and Use. — As in the case of the tangent galvanometer, 
the plane of the coil of a sine galvanometer is first placed in the 
magnetic meridian, but when, after 
passing the current, the needle .Y S is 
deflected, the coil is rotated until the 
needle lies again in the plane of the 
coil, making an angle, say, Q with the 
meridian, shown by the dotted line ns 
(Fig. 33'. The dejiectinq force mF 
is at right angles to the coil where 
F is the field at the needle due to the 
current and, because in this position 
the needle is in the plane of the coil. 
mF is perpendicular to the axis of the 
needle. Therefore, wo have, the mo- 
ment of •the deflecting force = the mo- 
ment of the controlling force at this 
nositi on of the needle. The controlling 
held is due to the earth^s horizontal 
component and is equal to mil acting 
parallel to the meridian. 

That is, mFx NS^mTI x SP, where SV is the perpendicular distance 
between the two controlling forces mil acting at the two ends of the 

needle: i.e.. F’-H sin 0. But sin 9. 

Therefore, we get, C sin 0 *= K sin 9. 

If C is in amps, C — 10 K sin 0 . 

Advantages over a Tangent Galvanometer : — 

{i) A current C which gives a deflection of 45° on a tangent galva- 
nometer gives a deflection of 90° on the same instrument, when used 
as a sine galvanometer. For. let K be the reduction factor of the 
galvanometer, and and 02 be the deflections for the tangent and the 
sine galvanometers respectively, then C= K tan 0 i- K sin 02 . 

Now, if 01 = 45°, we have, K tan 45° “AT sin O 2 ; 

or l = sin 02 ; -*• 02*90°. 

Therefore the sine galvanometers are more sensitive, and so for 
feeble currents, sine galvanometers are more suitable, than the tangent 
galvanometers, but for heavy currents, tangent galvanometers should 
be used. 


n 




368 


INTERMEDIATE PHYSICS 


in) Since the needle is in the plane of the coil at the start, as also* 
finally, the suspending fibre is always untwisted, so there is no error 
due to torsion in the sine galvanometer. 

{Hi) In a sine galvanometer, the coil and the needle are alwaya 
brought to the same relative positions and so the field of the coil in 
which the needle lies is always the same. So, for comparative measure- 
ments, that is, when two currents are to be compared, the coil may be 
of any shape and the needle also may be long. 


The Disadvantages of a Sine Galvanometer : — 

(i) A preliminary adjustment should be made before every readings 
and (it) heavy currents cannot be measured by it, i.e. currrents greater 
than IHG (for which 0*90**) cannot be measured by a sine 
galvanometer. 

25. Lamp and Scale Arrangement. — This is an arrangement 

for measuring accurately the 
angle of deflection of a gal- 
va^nometer needle or coil in 
place of the pointer ordi- 
narily used for the same 
purpose. In this methcd a 
beam of light is obtained 
from a lamp L enclosed in a 
metal case provided with a 
fine slit and an adjustable 
tube, in which a convex len^ 
is fitted (Fig. 3l). The beam 
of light passing through the 
lens is directed upon the mirror M, usually concave, attached with the 
suspending fibre of the galvanometer and is reflected back upon a 
translucent scale placed at some distance from the mirror. Deflections 
are observed by focussing the image of the slit on the graduated scale 
iS by adjusting the lens. 



Fig. 34 — Lamp and Scale arrangement 


It should be observed that if the suspending fibre rotates through 
an angle 0, the mirror is rotated through the same angle, but the 
reflected spot of light rotates through an angle 20 (see Art. 16,. 
Part IV). 


If D be normal distance of the scale from the mirror, and d tho 
distance through which the image is shifted, we have 

tan 29^dlD. 

Since 29 is usually very small, tan 29 * 29 ; 

2d-d/D; or 0^dl2D. 
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Thus 0 « or the deflection is proportional to the shift of the image 
on the scale. 

26 . Saspeaded (or moving) Coil Galvanometer. — In this type 
the ooiL moves and the magnet is kept fixed, and the rotation of the 
coil carrying a current in the magnetic field 
is utilised for detecting and measuring cur- 
rents. It is often used in delicate experiments 
where very small currents are required to be 
measured. 

Principal Parts. — In this galvanometer 
(Fig. 35), a small rectangular coil B of insula- 
ted fine copper wire of several turns is 
suspended between the concave polo-pieces of 
a large and powerful permanent magnet 
of the hdrse-shoe typo by means of a fine strip 
A of some conducting material, usually phosphor- 
f*ronze—&n alloy. Such a si^ pension fibre is not 
readily oxidised and can be easily twisted ; but 
it does not easily ^braak. The strip A leads to 
one terminal of the iq^trumont. The lower end 
of the coil is joined by a flexible spring CD of 
phosphor-bronze, which leads to the other 
terminal of the galvanometer. The spring serves the purpose of 
controlling the movement of the coil. A small mirror (il/), preferably 
Concave, is fixed to the suspension wire and it enables a beam 
of light reflected from it to indicate the deflection of the coil, 
which is read by lamp and scale arrangement. Because the pole- 
pieces N and S (Fig. 35) are shaped in concave form having a cylin- 
drical air-gap in between the lines of force, which start evoryHvhere 
normally from the N-pole towards the S-pole, all intersect at the axis 
of the cylindrical space, i. e. they are rendered parallel to tlie radii 

of the cylinder. Such a field 
is called a radial field. The ad- 
vantage of such a field is that the 
plane of the coil, suspended verti- 
cally in it, is always parallel to the 
same field in all its positions of 
deflection (vide Fig. 36). 

A soft iron core E (Fig. 35) is 
fixed in the centre of the coil, without touching it^ co-axial with the 
cylindrical air gap. This core concentrates the lines of force of the 
magnet wicfain the coil (see Fig. 37). 

24 (II) 


Fig. 35 — Suspended 
Coil Galvanometer 
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Action. — It is first levelled so that the coil hangs freely without 
touching either the pole-pieces or the soft iron core. Before sending cur- 
rent through the coil, the torsion head supporting the suspension fibre, 

placed at the top of the galvanometer casing, 
IS carefully turned in the *pi"0P6r direction 
until the spot of light reflected from the mir- 
ror M (Fig. 36) is received on the zero-mark 
of the scale. 

Now when the current flows through the 
coil, the coil experiences a couple, which, in 
this case, is the deflecting couple, and it 
moves to set itself at right angles to the 
magnetic field and takes up an intermediate 
equilibrium position owing to ihe controlling 
couple set up by the torsion in the phosphor- 
bronze strip Which opposes the first couple. The controlling' Couple 
is proportional to the angle of deflection of the coil, which is indicated 
by the movement of the spot of light received on a scale which is 
graduated in mm. When equilibrium is established, the deflection is 
proportional to the nirrent in the coiU t c. if C be the strength of the 
current and d the deflection on the scile, d. 

Theory. — Let C = strength of the current, JZ~ field strength in the 
space occupied by the coil, vortical length of the coil, 6 ** breadth of 
the coil (a d in Fig. 36). Then the force experienced by each vertical 
side of the coil at right angles to the plane of the coil ■=* nC/Zi, where 
w=»no. of turns in the coil. ^ 

The total moment of the deflecting coil about the suspen- 
sion fibre If T =* moment per unit twist of the suspen- 

sion fibre, which is a constant for phosphor-bronze for small angles 
of twist, the controlling couple for a twist 0*T.O. In the position of 
steady deflection 0, nCITl^h — X.O. 

Thfttis, nllA' ' •" 

where A “area of the coil ; or, 0, since t, n, A are all constants. 
But 0* (vide Art. 25). G^O^d ... ... (2)]. 

This form of galvanometer was invented by D'Arsonval, and so a 
moving coil galvanometer is often referred to as a UArsonval 
.galvanometer. 

In the recent types of galvanometers the permanent magnet is 
made almost completely cylindrical, two poles of which are brought 
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very near each other, leaving only a very narrow cylindrical gap in 
which the coil rotates In this, no soft iron core is necessary to 
make the field radial. The coil is often put inside a thin silver tube, 
.which, when rotating, produces induced currents which oppose the 
main current (see Art. 63) and thus the coil is brought to rest quickly. 

D’ Arson val galvanometers are very sensitive, and the current 
measured by these galvanometers should be very small, being of the 
order of 10 “® amp. or less ; otherwise the galvanometers may be 
damaged. 

Sensitiveness of D'Arsonval Galvanometers. — From equation (1) 
above, it is evident that Q will be large for a small current C, if 
x 'nllA is very small. Thus the condition for such a galvanometer to 
bo sensitive is that x!nHA must be as small as possible, i.e. X small, 
while 71, H and A large. A and n cannot bo increased indefinitely 
withoilt^increasing the mass of the coil, the size of thd galvanometer 
and its resistance. So in practice is sought to be increased as much 
as possible. For phosphor-bronze, X is small and again tensile strength 
is large ; that explains its use for suspension work almost universally. 


27. Comparfson of the Two Types of Galvanometers. — 

Moving Coil Type 


Moving Magnet Type 

(1) Here the controlling field 
is the earth’s field which is not 
very strong, so it is affected by 
the presence of external mag- 
netic field. 

(2) Every time before using 
the instrument, the coil must be 
in the magnetic meridian. 

(3) The suspended needle 
takes a long time to come to rest. 


(4) A current smaller than 
10"® amp. cannot be measured 
with it. 

(6) The constant HIG of the 
galvanometer changes from place 
to place on the earth's surface. 


(1) Due to the strong field of 
the permanent magnet the instru- 
ment is not affected by external 
magnetic fields (including the 
earth’s field). 

(2) The galvanometer may 
face in any direction, as the con- 
trolling force is the torsion of the 
phosphor-bronze strip and not the 
earth’s field. 

(3) There is some arrange- 
ment within the galvanometer for 
stopping the oscillations of the 
coil. 

(4) A current even as small as 
lO"*' amp. can be measured with 
it. 

(5) The constant of the g^,!- 
vanometer is independent of any 
change of place. 
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The only disadvantage of a moving coil galvanometer is that 
the ourrent cannot be calculated from the dimensions of the instru- 
, ment as in the case of the tangent galvanometer. But this disadvan- 
tage is only a minor consideration ; so most of the instruments which 
are used to measure currents are of the moving coil type. This type of 
galvanometer cannot he used to measure strong currents directly as 
(i) the instrument being sensitive will give a deflection too large to 
give accurate results, and {ii) it may be spoiled. In that case it is used 
along with a shunt (vide Art. 37). 

Questions 

Art. 20. 

1. Describe the construction and action of a simple galvanometer. 

(C. U. 1929) 

Art. 21. • 

2. What is meant by an astatic system of two needles ? What is its 
usefulness ? Explain the principle of the static galvanometer. 

(C. U. 1921 ; Bom:- 1931 ; Pat. 1928 ; All. 1929) 

Arts. 23 & 14. 

8. Describe and explain the action of a simple form o^ tangent galvano- 
meter. (0. U. 1913, ’22, ’24, ’31, ’31, ’39 ; Dac. ’32, ’34 ; Pat. ’18, ’29, ’46) 

Why must the needle be very small ? (Pat. 1941 ; All. ’29 ; 0. U. ’40) 

(See also Art. 24.) 

4. What is meant by ^Reduction Factor' of a tangent galvanometer ? 

(0. U. 1941 ; All. 1944^/ 

Explain what is meant by (a) the gal vanometer constant, (b) the reduction 
factor. (Pat. 1946) 

5. Calculate the strength of the magnetic field at the centre of a coil of 

single turn and of 34 cms. radius, if this gives a deflection of 45° with a current 
of 8 amperes. (Fat. 1918) 

{Ans : 0’15 0. G. S. unit nearly.] 

6. The coil of a tangent galvanometer is 10 cms. in radius. How many 

turns of wire must be wound on it, if a current of O'Ol ampere is to produce a 
deflection of 45° ? H*=0'18 C.G.S. unit. 

[Ana : 287 approx.] 

7. Define unit current and establish the working formula of a tangent 

galvanometer. What modifications would you require to be introduced in a 
tangent galvanometer in order to convert it into a sine galvanometer ? Which 
of the two will be more suitable for measuring (a) heavy currents, and 
(6) feeble currents ?' (Pat. 1925, ’30 ; Cf. C. U. ’81, ’44) 

Compare the merits and demerits of these two types of galvanometers. 

(Pat. 1980> * 
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8. What is a tangent galvanometer and why is it so called ? Show how 
the apparatus is used to obtain the absolute value of an electric current. 

(See also Art. 59) (Pat. 1932 ; Gf. All. ’29). 

" 9. A tangent galvanometer gives a deflection of 20° for a current of O'Ol 

amp. in England, but only a deflection of 12® for the same current in Ceylon. 
How do you account for it *? (S. C.) 

10. A tangent galvanometer is found to give a deflection of 15® when a 

current of 0'5 amp. is flowing through it. What is the current flowing- when 
the galvanometer reading is 20® ? (C. L.) 

[An» : 0*679 amp.] 

11. Describe the tangent galvanometer. When a battery of 10 ohms 
resistance is connected in series with a galvanometer of 100 turns and of 40 
ohms resistance, the deflection is 46®. What would be the deflection if only 
50 turns of the galvanometer worn connected in series with the battery. 

[A^^: 39°48'] . (C. U. 1939) 

12. Describe a tangent galvanometer, and explain how you would use 
it to inehsure an electric current. Deduce the necessary formula. 

• (All. 1946 ; Of. Pat. ’49) 

How will the deflection be affected if (fi) the pob) strength of the magnet 
is increased, (6) thij galvanometer is carried from Patna to London, the current 
passed through the galvanometer in each case being the same ? (Pat. 1944) 

I Read also Art. 24 (note), Part V.] 

13. Describe a simple form of tangent galvanometer. Why must 
the coil be placed with its plane in the magnetic meridian ? 

• A current is sent through two tangent galvanometers in series. The 
deflection is seen to bo the same in both galvanometers. Compare the radii 
of the coils, if the number of turns is 110 in the first coil and 25 in the second. 

[Ans : 22 : 5] (C. U. 1947) 

Arts. 26 &27. 

14. Describe a suspended-coil type of galvanometer and explain its action. 

(C: U. 1932 ; All. ’12, ’22 ; Dac. 1931) 

What are the special merits of this type ? (All. 1982) 


CHAPTER IV 

Ohm’s Law : Resistance 

28. The E. M. F. of a cell is the potential difference between 
its terminals when on open circuit. It is the maximum potential 
difference developed between the terminals of the cell. 
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The E. M. F. of a cell depends on the nature of the plates and the 
liquid used in the cell, and not on the sizes of the plates or their 
distance or capacity of the cell. 

Units for Electrical Quantities 

Quantity of Charge. — -The C.G.S. electro-magnetic unit {E, M. U,) 
quantity of electricity is that which is conveyed by unit current 
in unit time. 

The practical unit of quantity is the Coulomb, which is the 
quantity conveyed by 1 ampere in 1 second. 

[Ampere is the practical unit of current. 1 ampere * tu C. G. S. 
electro-magnetic unit (see Art. 14)]. 

Or Quantity (in coulombs) » Current (in amperes) time (in 
seconds). 

1 coulomb C. G. S. olectro-magnetic unit of quantity. ' 
Quantity in the Two Systems of Units 

1 electro-magnetic unit =3 10^° Electrostatic units (Fj.S.U.) 

1 coulomb = iV E.M.U. Hence 1 coulomb = 3 10® (E.S.U.) 

Illustration 

The electron- 4-77 x E. S. U. 

-(4’77xl0”^'') + (3xl0^®)-l*69xl0-»® E. M. U. 

- (1'59 X 10"®'')+ I'a* 1'59 x lO’^® coulomb. 

[The unit of quantity is called the Coulomb after Charles Augustin 
de Coulomb, a French scientist (1738 — 1806)]. 

Current Strength. — It is the quantity of electricity passing any 
section of the circuit in one second, i,e. it is the rate of flow of electricity 
in the circuit. If G denotes the current strength and Q the quantity 
passing in t seconds, G^Qlt, and Q^Gt. In an electric circuit, — viz., 
the entire path through which a current flows, the strength of the 
current is everywhere the same, but there is a fall of potential in 
the direction in which the current is flowing. There can not be any 
aocumulation of electricity in any part of the circuit. 

(Note. — Considering an electric current as the passage of electrons 
along a conductor, the strength of a current is measured by the 
number of electrons moving past a given point per second). 

Current in the Two Systems : — 

1 electro-magnetic unit — 3 x 10^^ electro-static units. 

1 ampere — iV E.M.U. Hence 1 ampere — 3 x 10® electro-static units. 
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Potential Difference. — The Potential Difference (P, D.) between 
any two jmnts in an electric circuit is one G, G. S. electro-magnetic unit, 
if unit work (one erg) is done tn conveying an electro magnetic unit 
• quantity of charge from one point to the other. 

The practical unit is one Volt. 1 volt = 10" E. M. U. of P. D. 

This means that when one E. M. U. quantity passes through a 
P. D. of one volt, 10" ergs of work are done. But a coulomb being 
l/lOth of an E. M. II., the work done will be 10^ ergs (or 1 Joule) 
when one coulomb of electricity passes through one volt. 

P. D. in the Two Systems : — 

3 X 10^® electro-magnetic units I ^ / 1 electro-static 
of potential difference (P. D ) / i unit of P. D. 

1 volt= 10" E. M. U. Hence 1 volt= electro-static units. 

LThe unit of P. D. is called the Volt after the name of Allesandro 
Volta (1745-1827J, the discoverer of voltaic colls. | 

Note. — The potential dilderence in electro-statics is the same as the 
electromotive force in current electricity with the only difference that 
in one case the Gliarge.iB carried on a small body from one point to the 
other, and in the other case, the charge is moved along a wire. 

One Electro-static Unit of Potential difference “ 300 volts. 


Resistance. — Resistance is the name given to the property of a body 
opposing the flow of electricity through it. A conductor has a resis- 
tance of one C. G. S. electro-magnetic unit when a P. D. of one 
electro-magnetic unit between its ends sends a current of unit strength 
through it. 

The practical unit of resistance is the Ohm, which is the resis- 
tance of a column of merctiry 100' 3 cms. long, 1 sq. mm, in cross-section 
at a temperature of CfC., the mass of mercury being equal to 14' 1521 gms. 


A conductor has a resistance of one ohm if a current of one 
ampere passes through it, when a P, D. of one volt is applied between 
its ends. 


1 ohm = 


1 volt 
1 ampere 


10" E. M.JL 
i/10 E. M. U 


10® E. M. units. 


Remember the Practical units : — 

The unit of Current Strength is the Ampere. 
The unit of P. D. is the Volt. 

The unit of Besistance is the Ohm. 
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Remember also. — (a) Current is the rate of flow of electricity. 

(6) Resistance opposes the current and regulates its flow. 

(c) Voltage is the moving force which causes the flow. 

29. Connection between Static and Current Electricity. — 

When the two coatings of a Leyden jar are connected by a 
discharging pair of tongs, electricity flows from one coating to the 
other through the tongs. Similarly, if at the time of working a 
Wimshurst machine, the two knobs of the spark gap are joined by a 
wire, electricity, instead of passing in sparks, passes from one knob to 
the other along the wire. 

Exactly the same thing happens when two terminals of a battery 
are joined by a wire. The difference lies only in the numerical values 
of the quantities involved, the character being the same. The other 
small difference is that the current produced by discharging the Leyden 
jar, or the twd knobs of the Wimshurst machine, lasts only fcr a very 
short time. Representing difference of potential by difference of level, 
the current produced by the electric machine can be compared to a. 
mountain torrent falling from a great height and making a good deal of 
noise and disturbance with but little water, while electric current 
produced by the battery is like a broad river flowing slowly and 
steadily with a difference of level of only a few feet per mile. 

Thus, in the case of the Leyden jar, or any such electric discharge, 
the current is quite momentary and the quantity of electricity small, 
but the potential difference (P. D.) is high ; while, in the case of the 
voltaic battery, the current is continuous and the quantity 
electricity large, but the potential difference is small. 

This is the reason why the poles of a voltaic coll, or even a battery 
of a few accumulators, may be touched by the two hands without 
taking any precautions against having shocks, or the connecting wires 
may bo touched without affecting the current passing in the circuit , 
through the body as the leakage of current in this case is very slow, 
because the P. D. is so small that the loss of charge is immediately 
made up by generating it by the chemical action of the cell, while, in 
the case of charged electrophorus or other statically charged bodies, 
enough precautions have to be taken to avoid touching them by which 
there will be immediate leakage of charge, as in that case the P. D. 
is so great that the small quantity of electricity involved leaks away 
quickly through a high resistance like the human body. There will be 
danger in these cases when both the P. D. and the quantity of 
electricity are great, so it will not at all be safe to have the discharge 
from a Leyden jar, and far more dangerous it is to have it from a 
Wimshurst machine. 
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The idea may be clear by taking some actual examples. The 
maximum potential difference of the terminals of a Leclanche' cell is 
about 1'5 volts ; while a glass rod rubbed with silk may be raised to 
, some thousands of volts. The potential difference of nearly 27,000 
volts is necessary to make a spark pass in air between two metal balls 
1 cm. in diameter, the surfaces of the balls being 1 cm. apart. The 
smallest potential difference necessary to affect a gold-leaf eleetrosoope 
is about 100 volts- 

It is also seen that there is no real difference between the passage 
of electricity in the two cases (except the numerical values of the 
quantities involved) when we consider that, according to the modern 
theory, electric current consists in the movement of a stream of very 
small negatively charged particles, called electrons, along the wire 
(from molecule to molecule) from loioer to higher potential. 

A f^w experiments will show that statical electricity and current 
electricity are essentially the same. 

Maghetic effect. — We know that a steel knitting needle placed 
i.^side a coil of insulated^copper wire is magnetised when a current is 
passed through the coil. 

The needle is fblso found to be magnetised if, instead of passing a 
current from a battt&ry, a discharge from a Leyden jar is passed 
through the coil. 

* Heating effect. — By connecting two insulated metal spheres by a 
fine copper wire, the wire may be turned red-hot when a discharge 
from a Leyden jar is passed through ttie wire, and by passing a heavy 
discharge the wire may be volatilised. 

The same effect is observed when a current is passed from a battery. 

Lighting Effect. — B veryone is familar with the lighting effect of 
current electricity in glow .lamps. 

In statical electricity the same effect is apparent everytime when a 
spark passes during the discharge of a Leyden jar or a Wimshurst 
machine. 

Chemical Effect. — If a piece of paper soaked in a solution of 
potassiam iodide and starch is placed in contact with two poles of a 
battery, iodine is liberated at the positive terminal due to which the 
spot round the positive terminal is turned blue. 

Similar effect can be obtained by placing a piece of thin paper in 
the path of the discharge from a Leyden jar. 

Pole-finding Paper. — A piece of white blotting paper is soaked 
in iodide-starch solution and allowed to dry. This is a pole-finding 
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paper and is used (after wetting it) to find the pole of a battery, as 
explained above (vide Chemical effect. Art. 29). 

Take two lengths of insulated wire and connect one to eaob^ 
terminal. Now hold the free end of these wires &bout half an inch 
apart and in contact with a strip of red litmus paper, which has been 
wetted and laid on a sheet of glass. The paper in contact with the 
negative end is turned blue, 

30. Resistaoee. — From the above it is clear that the potential 
differences obtained by voltaic batteries are much smaller than those 
obtained by electro- statical methods, the latter being generally very 
high. The rate of flow of electricity through any substance depends 
directly on the difference of potential or electric pressure^ as it may be 
called. For this reason, a good conductor in electro- statical experiments 
may not appear to be so in current electricity. In electro-stM.tics. it 
has been found that metals, wood, human body, all appear to be equally 
good conductors ; there an iron and a copper ball of the same size and 
similarly charged will behave exactly in the same way ; but in current 
electricity, an iron wire and a copper wire of equal length and cross- 
section will not conduct electric current equally through them, the 
resistance offered by each of them being different. This shows that 
the resistance of a wire depends upon the nature of the material. The 
resistances of two wires of the same metal and the same cross-section, 
but of different lengths, will be different, the longer one having a 
greater resistance. Again, two wires of the same metal, having th^ 
same length, but of different cross-sections, will have different resis- 
tances, the resistance of the finer one being greater. 

Specific Resistance. — If li be the resis- 
tance of any wire of length I and cross-section 
S, then, B°^l \ again, 

or R = : 

where p is a constant depending on the 
nature of the material of the wire and its 
temperature. This P is called the Specific 
Resistance (or Resistivity) of the substance. 
When Z = 1 and S“l, i?“P. 

So, the specific resistance of a subs- 
tance is defined as the electrical resistance 
between the opposite faces of a one-centimetre 
cube of the substance (see Fig. 38). 



I Cm -> 
Fig. 36. 
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Laws of Resistance. — 

Thus in the case of a conductor the resistance depends on (a) the 
material ; a copper wire has less resistance than an iron wire ; {b) the' 
'knqth of the toire ; if the length is doubled, the resistance is also* 
doubled, 2 . e, the resistance of a conductor is directly proportional to 
its length ; (c) the cross-section ; if the area of cross-section be twice, 
the resistance becomes one-half, ?. e. the resistance varies inv^sely as 
the cross- section ; {d) the temperature ; the hotter a metal wire the* 
greater will be its resistance. 

Note. — Here we find that the resistance of a wire of given length 
depends upon its cross-section and not upon its circumference, so a 
hollow wire will not conduct electricity so well as a solid wire of the 
same external diameter. Thus the rule, observed in statical electricity, 
that electric charge resides on the external surface of a conductor does 
not hold good for current electricity. , 

31. Ohm’s Law. — In 1826 Dr. G. S. Ohm, a German Professor 
of Physics at Munich, established a relation between current strength, 
pctential difference, and f'esistance. The law discovered by him, 
known as Ohm's Law, may bo stated as follows : — 

**Iii any wire at u;iiform temperature the current is directly 
proportional to the P. D. between its ends. 


Thus, if E be the potential difference, and C the current, wo have,. 

E/C = a constant, R. 

This constant for any conductor is called its Resistance. The 
(^otient, obtained by dividing the net E. M. F. acting in the conductor 
by the current flowing through the conductor, called the resistance, 
depends not only on the material forming the conductor but also upon 
its length, cross-section, and temperature. 

In practice. Ohm’s Law is usually expressed as. 


C (in amperes) 


^ ( in voltO 
B ( in ohms ) 


where B is the resistance of the wire. If B = 1, and C =■ 1, then B - 1 ; 
thus a conductor is said to have unit resistance, if unit potential 
difference between its ends produces unit current in it. 

The reciprocal of resistance, i.e. l/B, is called conductance. 

1. Applications of the Ohm’s Law. — 


Let a circuit contain a source of E.M.F. E, external resistance B' 
and internal resistance r. Then applying the law to the whole circuit,. 

0 - ^ ^ E-M.F. 

B + r Total resistance ' 
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Therefore, CTl Gr ■= E -..(1) 

(P. D. used in (P. D. used in (Total 

external circuit) internal circuit) ^ E. M. F.) 

(a) E M. F. and P. D. — The above relation means that of the 
total E. M. F. {E), a portion {Or) is used in driving the current 
through the internal resistance of the cell, and the remainder {GB) 
through the external resistance B. The portion (GB), available for 
the action of the cell, is known as the terminal P.D. or available 
volts of the cell. 


Or. 


Terminal P. D. 
External resistance B 


So, if E± volts bo the value of the E. M. F. of a coll when no 
current is taken from it, and E 2 volts be the value when the cell is in 
a closed circuit and a current is allowed to flow, it will bo fo\ind in all 
oases that Ey is (jreater than E^^ So the E. M. F. of the Cell “the 
P. D. between the terminals on open circuit. 

(b) Lost Volts — The difference (El - Ea), which is the part of 
the E.M.F. of the cell used up in driving current through itself, is 
sometimes called the ^^lost volts" in the cell. Thus 


Internal resistance 


Lost volts 
Current ’ 


or Current, 


C 


Lost volts 

Internal resistance^ 


The greater the current, the greater will be the lost volts. Therefore 
in a cell which is generating current, 

Total E. M. F. “available volts + lost volts 


E - CB + Cr 


2. Comparison of E. M. F. and Potential Difference. — 

E. M. F. is a motive force (comparable to a mechanical force) 
developed within a cell due to chemical action. The direction of this 
force for a cell is fixed. Duo to this, a current tends to flow from one pole 
to another when the poles are externally connected. By Ohm's law, 

E 

0— ' ; or, E “ CB + Cr, where B and r are the external and inter- 

im +r 

nal resistances respectively, E“E. M. of the cell, and C is the 
current in the circuit. In the closed circuit, therefore, the E. M. F. is 
used up partly in sending up the current through the external resistance 
B and partly through the internal resistance r. This division of the 
E. M. F. evidently takes place according to the resistances of the 
different parts of the circuit, ;and each division of E M.F. is known as 
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the potential difference (P. D.) between the two points considered in the 
circuit. Since potential falls in the direction of the current, the P.D. 
depends on the direction of the current. Since Cr, it is clear 

'^bat P.D. between the terminals of a cell on closed circuit is less than 
the E. M. F. of the cell by the amount which falls through the internal 
resistance of the cell. That is to say, the E. M. F. of a cell is equal to • 
the potential difference between the poles on open circuit. 

In a battery of celis. the E.M.F. 
of each particular cell always acts in its 
own way whatever might be the direction of 
the current in the circuit. Thus, in Fig. 38(a), 
where a circuit has been shown in which 
two cells act in one direction in series and 
a third cell in opposition, the potential 
falls in.t];ie clockwise direction depending on 
the direction of the current, but the 
E. M. F.'s are acting in their own ways 

shown by the arrows ine the colls. Thus E. M. F. is like a cause ' 
and P, D. like an effect. 

To apply Ohfh’a Law in Fig. 38 (a), the net E. M. F. in the circuit 
is to be considered. 

That is, where ^J-E. M. F. of each 

R + Sr P + 3r 

C^^llf r“ internal resistance of each cell, and C — the current. 

Because two cells act in the same direction while the third one is 
in opposition, the net E. M. F. is 2E-E. 

Example. — The difference of potential between the terminals of a cell on *open* 
circuit is volts When the terminals are connected by a wire of resistance 4 ohms, 
this difference of potential is reduced to 2 volts. What is the internal resistanze of 
this cell? {Pat. 1943) 

We have, (from Art. 31) hJ^^CE+Cr ; or 2'2'^2+Cr ; or C-O-2/r ... (1) • 

But Ci?-Cx4-2; C = 2/4-0*5 

.’. From (1), the internal resistance r = 0’2/0'6 = 0 4 ohm. 

3. Voltage drop in a Line. — Wo have seen that the available 
voltage (also called terminal P. D.) of a cell is less than the E. M. F. 
of the cell because some voltage is required to send the current through 
the internal resi'stance of the cell. So, when in a street supply the 
electric current is used at a considerable distance from the power house 
where the current is generated, the voltage at the receiving end is 
bound to be always less than the voltage of the generator ; this drop< 
of voltage in the connecting wire, oalled the line, is equal to the product • 




E E 

Fig. 38(a) 
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of the current and the resistance of the line ICB). Ordinarily the vol- 
tage drop for house wiring should not exceed 2 per cent. In every dyna- 
mo or motor the current flowing through the resistance of the armature 
causes a potential drop which does no useful work and which is 
subtracted from the original -E. M. F. in a dynamo, or from the driving 
P. D. in a motor. It is a dead loss and known as the 'Most volts’^ 


Example . — In an elecirificalion scheme the dynamo is of negligible resistance, 
hut the resistance of the leading wires is 1 ohm per mile. If the voltage of the power 
house is 220 volts (D. C.), what voltage will he available at a station 20 miles off, 
when a current of 2 amperes is drawn from the leads ? What can he the maximum 
strength of current available there ? (Pat. 1939.) 

Total resistance of the two leading wires — (20 + 20) x 1 - 40 ohms. 

/j. Potential drop or lost P. D. = current x resistance = 2 x 40 = 80 volts. 

Hence available voltage — 220 — 80 — 140 volts 

220 

Maximum chrrent available there— ® amp. *' 


32. (a) Verification of Ohm’s Law.— 



Fig. 38(b) 


(1) By Tangent Galvanome- 
ter. — A circuit . is completed, 
through a key (not shown in the 
figure), by a source of constant E. M. 
F., say, an accumulator, a tangent 
galvanometer (T. G.), and a resistance 
box [Fig. 38 (b)J. Let be the de- 
fiection of the galvanometer needle fbr 
the resistance in the box, when a 
current is passed through the circuit. 
Then, neglecting the resistance of the 
connecting wires. 


current Ci 


_ E__ 

JJi + G + if’ 


where G is the resistance of the galvanometer and B the internal 
resistance of the cell. Again, we know from the principle of the 
tangent galvanometer that current C-lOA" tan 0i (amp.). Art. 23., 


lOK tan 01 


E 

(i^r+G+H) 


( 1 ) 


Again, on changing the resistance Bj, to i?a, the value of the 
‘■current will be changed, and the deflection will be changed to 08. 
.So, in this case, 

current lOA tan 9^ (amp.}. 
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Hence. lOX tan 0, - ^ ^ (2) 

From (l) we have, lOA' fan 0, (Bi + (? + J?) — AJ (3) 

(2) lOTTtan Oa ^ fBa + + B)« TiJ (4) 

It will be seen that the product of the left-hand side of each of the 
equations (3) and (4) is equal to A7, the E.M.P. of the cell. Thus Ohm's 
Law is verified. 

(Bj + 0 + J5) tan 0i “(Ba + G + B) tan ©a “tJOnst. 

"B X tan 01 , where B is the total resistance. 

(2) By Graphical Method. — This method may be used for the 
determination of internal resistance of cells or the resistance of a 
tangen}) galvanometer. 

For a circuit similar to Fig. 38fb), (7^ + (7 + B) x lOlT tan 
U’ide equation 3, Art. 32 (a)l. 

mi- .. B + 7t + B E f ^ 

That IS, constant “m (say). 

B = mcot 0 + where -(Gr+B), which is of the type 
y=*mx + h, the equation for a straight line. 

^ So, if a graph -^IB is drawn-with R and cot 0, the graph will be a 
straight line (Fig. 39). The above equation has been deduced on the 
assumption that Ohm’s Law is true. Hence, if the graph is a straight 
Une, then the truth of Ohm s Law is verified. 

It is to be noted that the graph does not pass through the origin, 

but cuts the axis of resistance at some 
point G on the left of the origin (where 
B“0), the intercept {GO) being the value 
of the internal resistance of the cell plus 
the resistance of the galvanometer (Fig. 39). 

For, when cot 0 = 0, 

B = /i= -{G + n). 

So if from the graph, the intercept CO 

G + B) be measured off, B can bo found 
when G is known or vice-versa. 

(3) By Potentiometer Method. — A potentiometer consists of a 
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wire PQ of uniform cross section of a material of fairly high resistance^ 

say Eureka or Manganin. Instead of a single- 
wire the potentiometer sometimes consists 
of five or ten or even more wires, each one^ 
metre in length stretched parallel to each 
other and joined in series by thick copper 
strips, as shown in Fig. 40. A graduated 
scale is placed alongside the wires, and tho 
instrument is provided with a tapping con- 
tact, called the Jockey ^ which slides over the 
wires from point to point and can make 
contact with any desired point Z>. The two 
ends of the wire are connected to the poles 
of a cell B through an ammeter A and an 
adjustable resistance B so that a steady current C flows through the 
potentiometer 'wire. In this case, the rate of fall of potential blongtho 
wire will be uniform, and the fall of potential (Vp - Vd ), measured by a 
suitable voltmeter V along any length PD (Say, 1) of the wire, will be 
proportional to the length {, because the current 0 is constant and the 
wire is of uniform cross-section, i.e. {Vp - Vd )* Ci?i ; or {Vp - Vd) 
where is the resistance oil \ ox Vp - yd // = a constant. 
This is verified by experiment by sliding the point of contact D. 

Expts. — Take one accumulator B and connect the positive pole 
at P and the negative at Q, including one ammeter A and a rheostat R 
joined in series in the circuit (Fig. 40). Care should be taken to see 
that the terminal of the ammeter marked ( + ) is joined to the +ve 
polo of the battery. Take one voltmeter and connect the positive 
terminal of it at P and the negative at the tapping contact D, 

In order to keep the current constant the resistance of the rheostat 
R is kept constant. Now move and touch the tapping contact at dif- 
ferent points on the wire and note the corresponding readings of the 
voltmeter and the length of the wire in each case. Tabulate vour 
results and show that 7 p- F d = constant. Draw a graph with 
C and Z which will be a straight line. 

Comparison of E. M. F’s by Potentiometer. — A potentiometer 
may also be used for comparison of E. M. F.’s. Suppose two cells are 
given for comparison of their E. M. F.’s. which are, say, and E^. 
Using each cell in the position of the voltmeter V as in Fig. 40, a 
balance point D is obtained in the potentiometer wire by shifting the 
Jockey (the positive of the cell being connected to the point P in each 
case). Let 1% and Za be the balancing lengths. Then Zi, and, 



Fig. 40. — Potentiometer 
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(4) By Voltmeter and Ammeter Method. — A series circuit com- 
prising the battery the key K, the ammeter A, the fixed resistance r 
of known value, and the variable 
resistance R (Kheostat) is formed 
(Fig. 41). The voltmeter 7, connected 
across C and D, gives the P.D. bet- 

ween these points. For a certain / \ 

value of R, the P.D. between C and ^-^w^aaaa/wvvv-^ n 

I>, (7c - Vd ), and the current (C) ^ 

through the fixed resistance r are 

recorded from the indications of ♦‘•he t i / nZT 

voltmeter 7 and the ammeter A * IM* * 

• - y^ 

respectively. The ratio - Fig. 41 

G 

is calculated. The ratio between these quantities is determined a 
numbdr^of times on changing the value of the current* through r by 
altering the value of R. It will be found that this ratio remains cons- 
tant for the various values of the current in the circuit, as long as the 
lemperature of the circuif does not change, and the value of this ratio 
is found to be eqpal to that of r. 


oo, ; or Vc “ Vd 


This verifies Ohm's law. 


32 (a). Further Consideration of Ohm’s Law. — It should be 
remembered that Ohm’s Law is true for the whole of an electric circuit 
%8 well as for any part of it, provided that the current flowing in it is 
steady and the temperature of difierent parts of the circuit does 
not change appreciably. 

(l) The Law applied to a Part of the Circuit, — In Fig. 41, the resis- 
tance r is only a part of the series circuit consisting of the battery 
the ammeter A, the fixed resistance r, and the variable resistance R. 

y^ « yjy 

Applying the law to the part r, , where C is the current 


through r, (7c ” Vd ) being the potential difference between G and D, 
(2) The Law applied to the Whole of a Circuit. — If the law is applied 
to the whole of the series circuit shown in Fig. 41, the current 0 will 
be given by, 

E 

-^rr — • where E is the total E.M.F. of the battery B, R being the 

it'Tr 

value of the variable resistance R ; while r is a fixed resistancei the 
resistance of the ammeter and the connecting wires being neglected. 

26 (II) 
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33. Factors affecting Resistance. — 

(1) Variation of Resistance ivith Temperature. — It should be 
noted that in dealing with Ohm's Law stress has been laid on keeping 
the temperature constant. The reason of this is that pthe resistance 
of all metals increases, whiist that of non-metals generally de- 
creases, as the temperature rises. The resistances of most of the 
electrolytes and of carbon, decrease with the rise of temperature. For 
example, the resistance of a metal filament lamp is many times 
greater when the filament is hot than when cold ; whereas the resis- 
tance of a carbon filament lamp is much less when hot than when cold. 
Besides carbon, the resistances of insulators also decrease when heated. 

There are certain metallic alloys which have got high specific r^is- 
tance but very low temperature co- efficient of resistance, that is, they 
are almost unchanged in resistance by a change in temperature. These 
are coppor-manpanese alloy, called manqanin^ and the copper-nickel 
alloy, called Eureka (or Constantan), Nichrome, German silver, etc. 
These alloys are, therefore, specially suitable* for the construction of 
resistance coils. 

(1) Temperature Co efficient. — The amount by which a unit 
resistance increases when heated through 1® is called its temperature 
co’efficient. It varies from substance to substance. 

If Ro ohms be the resistance at 0**6\, the resistance at is given 
by, 

Ri^Ro (1 +®^)i where « is the temperature co-efficient for a moder- 
ate range of temperatures. 

When the change in temperature is large, the variation of resis- 
tance takes place according to the following approximate formula. — 

Rt^Ro (l +ai + ft®), whore a and P are constants for the material. 

iii) The effect of temperature on the resistance of a platinum wire 
has been made use of in an electrical thermometer, known as the 
Platinum -Resistance Thermometer. A fine platinum wire wound on a 
mica frame enclosed in a porcelain tube makes such a thermometer. To 
use it for determination of temperature of a bath, the resistances of the 
wire at 0°C. and at the unknown temperature are determined by means 
of a sensitive form of Wheat-stone bridge. From the knowledge of the 
temperature co-efficient, the unknown temperature t is computed. 

(2) Effect of Light on Resistance — It has been found that the 
resistance of the element selenium which closely resembles sulphur, 
decreases when exposed to light. So light falling on selenium included 
in a circuit can be used to vary the current of the circuit. This remark- 
able prcH’erty of selenium has been utilised in the selenium cell, which 
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is used in several automatic instruments, viz. certain types of 
burglar alarm etc. 

The action of the photo-eleotric cell, without which a Talkie 
" Machine can not work, also depends on the effect of light on metals 
like sodium, potassium, caesium, etc. The cell is an evacuated bulb 
fitted with two electrodes, the positive being a metallic ring while the 
negative is a metallic plate on which there is a thin layer of a salt of 
any of the metals referred to above. When a beam of light is directed 
against this plate, electrons are profusely ejected from the plate and 
fill the evacuated bulb, and as a result the resistance between the elec- 
trodes falls. The cell is a part of an electric circuit including a battery 
and a loud speaker. If the intensity of the beam is modulated, the 
resistance between the electrodes changes, modulating the current 
through the loud-speaker. So the loud-speaker speaks. 

(3) • Effect of Magnetic Field on Resistance. — It* is found that 
resistances of some substances, especially bismuth, increase when 
placed 'in a magnetic field, and the magnitude of the effect that is pro- 
duced on bismuth has befln utilised in measuring the strength of a 
magnetic field. 

33(a). Resistance of the Human Body. — The resistance of the 
human body is about«fi0,000 ohms when the skin is dry. The resistance 
of the body is mainly due to that of the skin when the current enters 
and leaves it, and the resistance of the body is much lower — say about 
10,000 ohms— if the skin is wet. Bo it is dangerous to handle any 
electrical apparatus when the skin is wet, and for the same reason, 
electric light switch should not be manipulated while standing in a 
bath, or barefoot on a wet floor. To produce an electric shock in the 
human body a current of about one-thousandth of an ampere must 
pass through the body ; so a P. D. of less than 50 volts would not 
produ .e any shock in the body when touched with dry hands. It 
is wise to avoid "live” wires if the voltage is over fifty. 

A bird can sit on high voltage cable on a street, or a man can 
hang on it without experiencing any shock, as there is no complete 
circuit, but if the man touches the other cable or any conductor con- 
nected to the earth, the circuit will be completed and a current will 
flow through him and probably kill him. 

Examples. — (1) A Daniell cell is connected up in series with a tangent galvano- 
meter of 1 ohm resistance and a box of resistance coils. When a resistance of 2 ohms 
is taken out of the box, the deflection of the galvanameter is 60 '" ; and when the resis- 
tance in the box is increased to 20 ohms, the deflection falls to S(f. * Find the resistance 
of the cell. . (C. U. 1932) 

Since all the resistances are put in series, the total resistance of the circuit 
in the first case » (2 + 1 + r) ohms, where r is the internal resistance of the cel); 
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Therefore, the current ^ {E = E. M. F. of the cell). 


In the second case, the total resistance =* (20 + 1 + r) ohms. 


current C?*" 

21 + r 


21 +r 
Ca” 3 + r 


d)' 


Hence the 


But K tan 60®, and Cg = 
galvanometer, 

. ^ ^ tan 60® ^ 

• ■ Cg K tan 30" 1/ JS 


K tan 30" ; (where K “ reduction factor of the 

-8. Froin(l), ^^■*■’' = 8 ; 

3+r 


or 21 + r*9 + 3r; or 2r=12; or r = 6ohms. 


2, The same current passes through a metre of copper wire 1 mm. diameter and 
two metres of a thinner copper wire. The difference of potential between the ends of 
the first wire is 1 volt and that between the ehds of the second wire 20 volts. Find the 
diameter of the thinner wire. (All. 1929) 

Let lix the resistance of the first wire, the resistance of the* second 
wire, and G the current flowing in each wire, then by Ohm’s Law, 

(77^1 *P. D. between the ends of the first wir^*l volt, 
and, CRfi “ P. D. between the ends of the second wire * 20 volts. 


• ’ Tig 20 


( 1 ) 


J> 


Again, if p be the specific resistance of copper, 


7fi = p 


100 

7r xY-05) 2 5 


and 


7^2 “ P 2 ; where 0'05 cm. is the radius and 100 cms. the length of the first 
rr 

wire ; and r the radius, and 200 ciiis. the length of the second wire. 

• pXlOOxrr^ _ 

' ’ /^a" pX200x irC'05)'^" O'OOS ^ ' 

r* 1 

Hence, from (1) and (2) we get, q-qq^*® 20 r® = 0‘00025 ; 


or ?*=»0’0158 cm. 

/ . The diameter of the wire — 2 x 0'0158 = 0'0316 cm. 

3. A battery of 12 equal cells in series, screwed up in^ a box, being susnected of 
having some of the cells wrongly connected, is put into circuit with a galvanometer and 
two cells similar to the others. Current in the ratio of 3 to 2 are obtained according 
as the introduced cells are arranged so as to worh with or against the battery. What 
is the state of the battery ? (Pat. 1931) 

The resistance of the circuit is not affected even if some of the cells are 
wrongly connected. So the currents will be proportional to the electro-motive 
forces. If E be the E. M. F. of the batter^', e that of a single cell, the 
current when the two cells are arranged to work with, and when arranged 
to work against, the battery, 
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_ B + 2e 
C~~ E- 2e’ 


Again, 


^2 




K-¥2e 
li- 2e 


or E = lOe. 


Hence, out of the 12 colls of the battery* one cell is wrongly connected and 
acting in opposition to the others, and thus neutralising the effect of another, * 
and leaving only 10 cells elective. 


4. Two cells, a resistance of 2' 5 ohms and an ammeter of negligible resistance 
are all connected in series, and the ammeter reads 0'8 amp. If the stronger cell has 
an A'. M. F. of I'S volts and an internal resistance of 0*5 ohm, fiml the K, M, F. and 
the internal resistance of the other cell. (Pat. 1942) 

Let e be the £. M. F. and r the internal resistance of the weaker cell. 

Case I. Effective E. M. F. = i'8 + e, and total resistance in the circuit 
= 2*6 + 0-5 + r = 8 + r. 

.• . By Ohm’s Law, O’S- '' ; oj- e - 0-8r= O'S (1) 

o + r 


Cas%II, Effective E. M. F.*1'8 — t*, and total resistance = 3 + r. 

.0’1 = ^ ; oc f+01r=l‘5 (2) 

3 + /• 


From (1) and (2), wt; gef r*! ohm ; 

« + 0 lx l«l o ; or, fl-l*5-0 l«l*4 volts. 

5, The E. M. b\ of a cell is 2 volts, and the P. D. between its plates becomes 
V6 volts when it is ^'connected in series with a resistance of 10 ohms. Find the 
internal resistance of the cell. 

Method 1 . — If r be the internal resistance of the cell, 


Again C = 


total E. M. F. 

a 

total resistance 
terminal I*. D. 


(Art. 3) 


2 

i'o + i- 
^1^6 . 2 
10 ’ *■ 10 +/’ 
= 2*5 ohms. 


1-6 

10 


external resistace 

or l'6r =* 10(2 — 1’6), whence r' 

Method 2 . — The fall of potential inside the cell — 2 — 1’6“0’4 volt. 
This is equal to (current x internal resistance of the cell), 


or 


0-4 


16 

10 


xr, 


whence r = 2*5 ohms. 


34. E. M. F. and internal Resistance of Cells. — It should be 
noted that the E.M.F. of the cell does not at all depend on the size of 
the cell, i.e. on the area of the plates and the distance between them. 
It depends on (0 the metals and liquids used in the cell, and {ii) the 
temperature of the liqtiid. 

Thus the E. M. F. of a large cell will be exactly equal to that of a 
cell not larger than a test tube, but constructed of the same metals and 
liquids. But the advantage of a large-sized cell is that it offers much 
less resistance to the passage of the current through it. This 



390 


INTEBMEDIATB PHYSICS 


' resistance, which is known as the internal resistance of the cell, depends 
on (a) the size or the area of the plates immersed in the liquid^ {h) the 
distance between them, and (c) strength of the electrolyte (or electrolyte^ 
"used in the cell. Thus in a cell, the E. M. F. is the same when the 
plates are separated further apart, or when the plates are much nearer, 
but the current in the first case will be much less as the internal 
resistance is much greater. The great advantage of the accumulator 
is its very low internal resistance, and so it can give a steady E. M. F 
with varying currents. The internal resistance of an accumulator is 
of the order of O'Ol ohm, whereas that for an ordinary Daniell cell ia 
of the order of 1 ohm. Thus for an accumulator (internal resistance 
O'Ol ohm) giving a current of 10 amperes fall in voltage through its 
liquid is only (10 x O'Ol), i.e. O'l, whereas that for a Daniell cell will 
be 1 X 1, i.e. 1 volt for a current of 1 ampere only. 

The reason of the low internal resistance of an accumulator is that 
the plates are very close together and that they have a large area.' In 
accumulators the effective area is further inpreased by having several 
plates usually connected together to form each element. (Vide Gh. VI). 

36. Grouping of Cell. — There are three ways of arranging a 
number of colls to get a strong current. — 

(1) Celia in Series. — Cells are said to be joined in series when 
the positive terminal of the first cell is joined to the 
negative terminal of the second, and the positive of 
the second to the negative of the third ; and so on 
(Fig. 42). If there are n cells, each of E. M. F. (E) 
volts and internal resistance r ohms, then the total ^ 
E. M. F. will be nE, and the total internal resistance 
nr. If R ohms be the external resistance of the 
circuit, then, by Ohm’s Law, the current 

pE 

nr + R ’ 

(i) If the external resistance R be very large compared with nr, 
then C^nElR, i.e. the current is increased n times that of a single cell. 

(ii) If R be very small compared with nr, then C “ Elr ; 

or the current is the same as that of a single cell and the arrange- 
ment has no advantage. 

Hence for a strong currentt series connection should always be 
used when the external resistance R is large in comparison with the 
internal resistance r of each cell. 

(a) Special case. — If one of the n cells is wrongly connected so that 
it sends current in the opposite direction, there will be (n - 1) cells 




Fig. 42 — Celle 
in Seriee 
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tending to send a current in one direction having a total E. M. F. 
= (n - 1) E, and the remaining one cell tending to reverse the current 
with an E. M. F. equal to So the resultant E. M. F. 

, — (w - 1) E~ E^ {n - 2)E. 


Hence, the current, by Ohm's Law. G 


(71 - 2)E 
nr-^Ii ■ 


Pocket Torches — The batteries of small torches usually have 
two or three dry cells in series. Those colls are placed end to end, the 
bottom of the zinc case of one touching the copper cap on the top of 
the carbon rod of the cell below it. 

(2) Cells in Parallel. — Cells are said to be joined in paraUeJ, 
when all the positive terminals are joined together 
and all the negative terminals are joined together 
(Fig. 43). The arrangement amounts to forming a 
big cell plates m times as large as those of a 
single cell.' The E. M. F. will be the same as 
that of a single cell but the internal resistance 
^ ill be rim, the effective a^ea of the plates being 
m times increased. 



Hence, by Chav'S Law, C 


E 


mB Fig. 48 — Cells in 
r + mR’ Parallel 


(i) If E be very small, G ■■ 7nE;r, i.e. the current is m times that 
of a single cell. 


• (ii) 


If E be very Large, G 


mE E . i. • i.u 

T.f the current is the same. 
mE E 


Hence, for a strong current parallel connection should always 
be used when the external resistance is small m comparison with the 
internal resistance of a single cell, 

(3) Mixed Circuit. — Cells are arranged in 
they are divided into several rows in 
parallel, each row containing several cells 
in series (Fig. 44). Let the external 
resistance be E, and the E. M. F. of each 
cell E, the number of rows m, and the 
number of cells in eacb row be n. Then the 
total E. M. F. is nE, and the total internal 
resistance is nr/m. Hence, by Ohm’s Law, 
the total current C passing through the 
external resistance, E, 

nE mnE 


a mixed circuit when 

hhhH 






Fig. 44 — Cells in a Mixed 
Circuit 


c- 


nrlm + E nr + mR‘ 


.( 1 ) 
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(4) Best Grouping for Maximum Current. — To get the maximum 
current out of a number of cellsi let them be divided into m rows 
having n cells joined in series in each row. Then N*m x n (2) 


Wo have, from (l), 


G 


mnE _ NE • 
nr + mE nr + mB' 


The numerator being a constant, current will be maximum when 
the denominator {nr-^mB) will have a minimum value. 

Now, {nr + mB) ■> ( Vnr - JmBY + 2 JmnrB, The last term is 
constant. 


.’. G will bo a maximum, when ( Jnr — V mB)^ has a minimum value. 
But, as a square quantity cannot bo negative, the minimum value of 

JmrY is 0. C will be a maximum, when ( \/nr - JmBY 


y/nv" JmB J or, nr = mB ; or, ^B 


or 




fj 

.(3) 


That is, the current will be a maxinfam whe7i the total internal 
resistance is equal to the total external I'esistance, 

Examples. — 2. Determine the number of cells required to send a current of half 
an ampere through a body tvJiose resistance is SO ohmSt »/" ^cch cell has an K, M, F. 
of 2 25 volts and a resistance of 2 ohms. (0. U. 1925) 

If the cells are arranged in senes, we have 35(1)] 


Here = i amp. ; ohms. 
1 1*2571 




nr+ B 

= 30 ohms. ; E — 1*25 volts. 


* " 3 +30 ’ 3n + 30 = 2’57i ; or n— 60 cells. 

2. Two cells A and 2>*, each having an e. 7n. f. of VS volts and internal 
resistance of O' 8 ohms, are arranged in series. The positive and negative 
poles of this battery are connected ivith the positive and negative jioles respec- 
tively of a third cell C exactly like A, the connecting wires having negligible 
resistance. What is the current in the circuit, and lohat is the potential 
d/iff erence between the poles ofC and also tJtosc of A ? (Pat. 1045) 

Here the cell C is arranged to work against the other two similar cells. So 


the current flowing in the circuit /= 


(2X1-5) -1-6 


' Y amp. 


3x08+0 

We have E- IB ii.e. P. D. reqd.) + Jr. (Art. 31.) 

P. D. between the poles of A — 1*5 — ^ x 0’8 ^ volt, and P. D. 

between the poles of C7= 1*5+ x-0’8 ^“2 volts [".• in this case the current 

inside the cell is from positive to negative pole, (see Art. 31, eq. 1)] ; ^ 
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’i. A battery of 24 cells, each of internal resistance 2 ohms, and E. M. E. 
1‘4 volts is to be connected so as to send a maximum current through a wire 
of 12 ohms. Show fwiv you ivill connect them ; amd find the strength of the 
'^vurrent in each of the cells, also the potential dWerence at the ends of the 
external resistance. (Pat. 102S). 


[See Art. 35(3)]. Let the cells be arranged in a mixed circuit. Then to get 
the maximum current, the internal resistance nrim of the battery must be 
equal to the external resistance R ; where n is the number of cells in each row, 
m the number of rows, and r the internal resistance of each cell. 

Then, we have, n“‘24/w/ (1) 

24 

and, nrlm"^B; or ; or n==6?a = 6x- , from (1). 

n 


•or, n®“144 ; or, 12; and so ?«“2. 

Thus the cells should be arranged in 2 rows in parallel, 12 cells in series 
in each row. , 

Current in the external circuit =■ ' ^ =0‘7 amp. This current is 

12 X 2 


-divided equally in the two rows. The current in each row = 0‘35 amp., 

•which is also the current in each cell. 

P. D. at the ends of the external resistance = 0’7 X 12 — 8*4 volts. 


/. Eive cells, each having on E.M.F. of 7'r> volts and internal resistance 
’i ohms, are connected in series with an external resistance of 10 ohms. Find 
the current passing through the circuit. What will be the change in the 
Current through the circuit, if the cells arc formed in parallel f (Pat. 1941) 


When the cells arc connected in series, the current, 6'j = 


5x1*5 
3X5 + 10 


0*3 amp. 


When the cells are connected in parallel, the current, 

Ca = ® (approx.) 

s 1^ 

.*. The charge in the current = Ci — Cg = 0 3 - 0*14 — 0*16 amp. (approx). 

36. Grouping of Resistances. — Besistances can be arranged in 
an electric circuit in two ways, (1) in series, and (2) in parallel. 

(1) In series. — A number of conductors having resistances ri, rg, ra, 
etc., are said to be joined in series when r, r 

joined end to end in succession, i.e. ^ > ’■ 

when the same current passes through ^ 

each of them in succession. The resis- pjg. 45 —Resistances in 
tanoes ri, rg, r8,...in series have a total * Series 

P. D. of Ctx + Crg + Cts + . . . or C(ri + rg 

+ r8 + ...) between the points A and D, C being the current passing 
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through each of them (Fig. 45). 


conductors, then R 


Total P^p. 
Current 


If B be the total resistance of the 

« C(ri +7* +ra + ...) 

C 


i.e. R-ri + r2+r3 + . 


Thus, the total resistance of a number of conductors in seriea 
is equal to the sum of the resistances of the individual conductors. 


(2) In Parallel (or Divided 



Fig. 46 — Resistances in parallel 
(see Pig. 46). 


circuits). — A number of conductors 
having resistances ri, rg, rs, etc , are 
arranged in parallel when one end of 
each of them is joined at a common 
point A and the other end at another 
common point B in such a way that 
a current C entering at is divided 
into parts, a part flowing in* each of 
the branches, and again meeting at B 
to reconstitute the total current 


Let C be the total current, Ci, Cg, Cs, etc., ba. the currents in 
^it ^ai ^3 1 etc., respectively, and Fo, Fa, the potentials at A and B. 
Then, we have, C Ci + Cg + Cg + 


By Ohm’s Law, Cl “ ; Cg- ; Cs“ i etc. 

^3 

Adding, Ci + Ca + C, + ^-+ ^-+ - + ) 

or C-(Fa-y6)( ^ + ^- + --+ ) (1> 

'ri r, rs ' 

If B be the equivalent resistance of the combination, i.e. total • 
resistance between the common points A and B, we have. 


0 - 


Va- Ft 
B 


( 2 > 


From (1), 


Fg-Ft 

B 


-(F„-F*) (A.+i+i- + \ 

\ ri r* r, / 


or. 


L « 1 + J.+ 

R Pi Fg Pg 


Thus, the reciprocal of the equivalent resistance of a number 
of conductors in parallel is equal to the sum of the reciprocals ot 
the resistances of the separate conductors. 
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N. B. Notice that ( - + — )is always greater than — or ^ - ; 

is greater than or ^ , and hence R is less than or 

So the effective resistance of two or more conductors in parallel is smaller 
than that of either of them, when used alone. 

Note that in the case of several conductors joined in series the 
P. D. is divided among the conductors in the proportion of their 
resistances, but the same current passes through each of them ; 
whereas all the conductors, when connected in parallel, have the 
same P. D., but the total current is divided amongst them in propor- 
tion to their conductances i. e. reciprocals of resistance (l/r). The 
current in a circuit can be regulated by introducing a resistance or a 
combinatipn of resistances in series or parallel with it. 

Laws for Parallel Circuits are, — (a) The voltage across several 
rQ:;,istances in parallel is the same for all the circuits, (b) The total 
JU7 'ent is the sum of tUb current through the different branches. 

(c) The total resistance is the voltage divided by the total current. 

• 

Electric lamps ar^ invariably connected in parallel, for, if they 
were connected in series, then switching out one of them would cause 
the rest also to go out. Fig. 47 shows a lamp-board on which lamps are 
connected in parallel, and it is evident that any one of the 
lamps can be disconnected without affecting others. By 
disconnecting one lamp the current passing in others is not 
changed, because the current passing in each lamp is F/r, 
where V is the P. D. between the mains (which is also the 
F. D. for each lamp) and r the resistance of the lamp. The 
effect of disconnecting the lamp would be to change the 
.current of the main circuit. If the lamps were connected in ^ * 

series then removal of one of the lamps would result in 
diminishing the total resistance and so increasing the current 
passing in the circuit, and thus the lamps would get more than their 
correct voltage with disastrous results. This is not the case when 
they are connected in parallel. Thus a lamp-hoard consisting of 
several lamps, which are alike, connected in parallel provides a very 
convenient form of adjustable resistance, which is often used in 
accumulator charging, etc. 

Example — An electric current from a battery of 6 volts passes through a cir- 
i^t having three Icumps of resistances 2, 3^ and 4 ohms joined in parallel. 
Calculate the current passing in the lamps when {a) all the lamps are in their- 
Ugclcets, first lamp of resistance 2 ohms is removed. 
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(a) If be the total resistance, }- "J' +o V J To 

1\ A o 4 lo 

/. By Ohm’s Law, current in the main circuit, C»6 /y§ = 6’5 amp. 

9 * 

If C\^ Cjj, and be the currents passing in the lamps having resistances 
’2, 3 and 4 ohms respectively, we have, by Ohm’s Law, 


Cl™ f = amps. ; amps. ; Cg — ?= 1‘6, where 6 volts form the P. D. 

ior each lamp. 

112 6 

Total resistance, ohms. C— “S’G amps. 

And Ca = §■■2 amps. ; and Cg • J = 1‘5 amps. 

That is, by taking out the first lamp, C 2 and Og arc not changed. 


37. Shucts. — When using a sensitive galvanometer it- is not 
desirable to send a strong current through it. In auoh a case, the two 

terminals of the galvanometer are^ 
C /g g joined with resistance of small value, 

^ ^ ^ called the shunt, which acts as a 

conductor parallel to the galvanometer 
(Fig. 48), so that most of the main 
current may pass out through the shunt. 
The main current is divided into the 
two branches according to the resis< 
tance of each branch. 

Let O be the galvanometer resistance, S the resistance of the shunt, 
Cg the current in the galvanometer, and Os the current in the shunt, 
then, if 7« and Vh be the potentials of A and B, we have by 
•Ohm’s Law, 

G G 

Cf xS ; or * 77 ; i-e. the currents in the 

Of o 

branched circuits are inversely proportional to the resistances of the two 
■branches. 


,A A 

WWWVWVN 


Fig. 48 


C, + Cg G + S ^ 

c7 “ 8 


{ " the main current, C^Cg+C ). 

Of o 


(The factor 


g+s 

S 


■by which the galvanometer current 


Of 


is 


multi- 


iplied to give the total current C is called the multiplylag power of 
i;he shunt, that is, the number of times the main current is stronger 
than the galvanometer current). 
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c s 

— o I or, the fraction of the total current 

C Cr + o 


Now, 

yirough the galvanometer - 
Hence C, 


resistance of shunt 
galv. resistance + shunt resistance 


S 


■'*“'®G + S 


( 1 ) 


Thus, if l/robh of the total current is to be sent through the galvano- 

S 


meter we have, St"" ^ » 

C n G + S 


or 


n - 1 


G 


or S{n “ 1 ) - G ; 


1 


i.e. if the value of S be , th of G, the current 

}i~ I 


in the galvanometer will bo l^nth of the total current. 

By making S small in eq. (l), C? can be made as small as possible. 
If it is necessary to send, (say), xu of the main current in the galvano- 
' ;u^ter, we have, from (1), • 

Off* ^ 

• G 10 G+S 

Prom { 2 ), S’^^G, that is. the resistance of the shunt should be- 
l/9 of the resistance of the galvanometer in order that xu of the main 
current will pass through the shunt. Similarly, if xun or xouu of the 
main current is required to be passed in the galvanometer, the resis- 
tflCice of the shunt should be 9-9 or 779 of the resistance of the galva- 
nometer. It is clear that the sensibility of the galvanometer is thus 
reduced to 10, 100 or 1000 times, as the deflection in each of the above 
cases is obtained by a very small fraction of the original currant. 

Example . — The total resistaitcc of a simple circuit is SO ohms including the 
4 resistance of a tangent galvanometer which is 4 ohms. The galvanometer gives a 
^ deflection of 60°. Jt is then shunted with a 7’ 6 ohms coil. What is the new deflection ?' 

{Pat. 1944} 


E B 

Case I. Wo have, C"* -^ = K tan 60 


.( 1 ) 


111^ 4X7;6 

ii 7-6 ’ “ ’ H’6 ■ * 


Case II. 

Now, the main current in the circuit, Cy^ 


+ Ti? 


and the current in the galvanometer, Gg^C^ X 
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E 

76 + 


4x7-6’' 

11-6 


7-6_ 

(7'^6+4) 


lOif tau 


(II) 


• where 0 is the new deflection. From (I) and (II), 


tan 0 
tan 60 


2 

8 ’ 


. X 4. 2 X 4./.0 2 X ^3 2 . ^ ^ -1 2 

. . tan gXtan 60 ; . . 0 = tan ^ 

N. B. The resistance of the galvanometer is 4 ohms, but on being shunted the 


equivalent resistance between its terminals fell to 


4x76 

il“6 


-262 


ohms approxi 


mately. Hence to keep the current in the main circuit constant, a resistance, 
4 — 2*62— 1'38 ohms, has to be added in series. 

(a) How to Increase the Range of Ammeters by Shunts. — 

By shunting a galvanometer, or an ammeter which is nothing but a 
low resistance galvanometer (see Art. 42), the range of the instrument 
can be increased considerably. Supposer for example, an ammeter of 
resistance 9 ohms can read currents upto 5v amperes, i.e. it i^ calibrated' 
to read 1 to 5 amperes. So a current stronger than 5 amperes should 
not be passed through tha instrument. , 


Now, by connecting a wire of resistance equal to i of the 

instrument {i.e, ^x9— 1 ohm) across it terminals, i.e. by using a 
shunt of 1 ohm resistance, we allow only of the total current to 
flow through the instrument. So the ammeter can now be used to 

read currents 10 times greater than the original current, i.e. it can 

now read up to (fl x lO) or 50 amperes. Thus the range of the 

instrument is increased 10 times. Similarly by using shunts of other 
values the range of the instrument can be conveniently changed. So 
a shunt can be defined as a resistance put across the terminals of a 
galvanometer (or any instrument) in order to reduce its sensibi- 
lity, and also to increase its range. 

Examples.— i An electric (Current of 5 avxperes is divided into three branches, 
the length of the xvires in the three branches being proportional to 1, S, 3 : find the 
current in each. [The loires are of the same material and cross-seciionS. 

(C U. 1912, '29) 

Let F=P. D. between the terminals, C*, C/3 = the respective currents 
in the three branches having resistances, say, r, 2r, 8r. 

Then T- Ci*-- 0, X Sr = C* x 8r. Cj - I'/2r ; C?, - J/r, C. - Y/8r. But 

F 11 

-the total current *= 6 afiiperes. .*. 5 = Ci + C 9 + C 3 ^ (1 + 7 + 4) ■■ 

r 6 

^ /I ^0 - 7 ^ C'l 16 j /> <7i 10 

Hence, Cx • jjamp- : ftpu C, = "■ ! and “ 8 "" H 
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2. Two points A and B are maintained at a constant potential difference of 
110 volts A third point 0 m connected to A by tv)o resistances of 100 and 200 ohms 
respectively in parallel^ and to B by a single resistance of 800 ohms. Find the current 
in each resistance, and the potential differences between A and C, C and B. {Pat, 1926) 

^Draw a diagram). If B be the combined resistance between the points A and 0, 


we have, 




100 


1 

200 


between A and /? = 


200 

* ./ + 300 = 

o 


200 * 
1100 
3 


■. n 

ohms. 


200 

3 ■ 


The total resistance 


Hence, by Ohm’s Law, the total current 100 amp. 

This current flows in BC, but is divided into two branches having resis- 
tances of 100 and 200 ohms respectively. 


The P. D. of C and 5"= current x resistance = 0’3 x 300 “90 volts. 
.'. Tl«e P. D. of C and ^ - 110 - 90 = 20 volts. 


lienee^ the current in the branch C 1 having 100 ohms resistance 

* ** P.D.-*- resistance “20/100 = 0*2 amp. ; and the current in the branch 

!ia\ing 200 ohms resistance = 20/200 = 01 amp. 

Thus, currents ot0‘l» 0*2, and 0'3 amp. flow in the resistances 200, 100 
and 800 ohms respectively. 

Otherwise thus : — Let K bo the P.D. between A and C, then the P.D. 
between U and (110- 7»’) ; and the currents through two parallel resis- 
tances are FjlOO and Hj'lOO respectively. 


, The total .■urrent- + , 2 ^- ■ 

110 -^; 
300 


37 (.’ 

200 


and this flows through CD. 


Again, the current in C/?“ 


Hence 


3 A’ 110 -a: 


200 


300 


- ; whence E = 20. 


The currents can be calculated as above. 

3. Three wires of resistances 2, 6 and 12 ohms respectively are connected in 
parallel and are inserted in a circuit with a cell and a tangent galvanometer. The 
deflection is 60^ ; the 2 ohms wire is removed, and the deflection becomes 45, 
Calculate the resistance of the galvariomeler. {Neglect the resistance of the cell). 

{All. 1925) 

If 11 be the combined resistance of the three wires, 

1/7^ = i + 1 -h “ i ohm ; or 77 “ J ohms. 

If be the combined resistance of the two wires of resistance 6 and 
12 ohms, 

l/7ii = i + A" A = i I or7?i = 4ohms. 

If G be the galvanometer resistance and E the E. M. F. of the cell, the 
total resistance of the circuit in the first case = Cr + ^ ohm,^ and that in the 
fi^econd case 67 -h 4 ohm. Now if be the current in the first case and 
that in the second case, 



400 


INTERMEDIATE PHYSICS 


Cl = KIQ-¥^ = 10/C tan 60® amperes, where K is the reduction factor of the 
galvanometer, and Cg — + lOAi tan 45® amperes. 

Dividing one by the other, wo get = tan 60®— 1732 ; 

3(t + 4 • 


or 2'196 r;-6'072 


C — 2'31 ohms. 


(4) Thp. poles of a Daniell cell of R.M.F, VI volt and internal resistance 
1 ohm are joined by two wires in series, a wire AB of 4 ohms and a wire BC of & 
ohms resistance. The positive pole of the cell is connected to the end A of the series. 
What will he the readings of a voltmeter connected between (t) A and B, (ii) B and Cr 
{iii] A and C i (C. U. 1938) 

Here the resistances are in series, so the total resistance = 6 + 4 + 1 

^ ^ ri _ 


— 11 ohms. 


Current C- 


= O’l amp. 


Now, if Vy be the P. D. between A and B, Fg that between B and C ; and 
F3 that between A and C, we have, 

7i — O'l X 4 = 0'4 volt ; Vfl — 0*1 x 6 — 0*6 volt, and, F, ■■ 0*1 x 10 = 1 volt. 

[Note that F3 = Terminal P. D. of tlie cell (Art. 31)]. 

5 A cell has an E.M.F, of 1*6 volts and internal resistrnce 3 ohms. If the 
terminals of the cell are connected by two wires in parallel of 3 ohms and 4 ohms 
resistance respectively, what is the current in each wire and lohnt is the potential 
difference between the terminals of the cell ? 

Calculate also the potential difference lohen (a) the current is cut off in one of the 
ivires, and (b) when it is cut off in the other. {Pat. 1941) 

Lot F be the P. D. of the terminals of the cell, and the current passing 
through the wire of 2 ohms resistance and Cg the current in the wire of 4 
ohms resistance. Then, we have, the total current, Ca-C^^ + Cg. 

‘ 3F 

If R be the combined resistance, l//i— 4+1 = 3 ; .'. C— F/J» . 


Again C = ^ 


We have, = 


F 8 

, = 0*3 amp. ; Cg = -- = • =0*15 amp. 

! 45X4 


Again, (r^) when the current is cut off in the wire of 2 ohms resistance^ 


we have G ■ 


= 0-25; 


P.D.-025X4-1 volt. 


(6) When the current is cut off in the wire of 4 ohms resistance, 


we have C — =0*876 ; 


P.D. = 0*376 X 2 » 0*76 volt. 
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38, Some Accessories for Electrical Experiments.— Some 
useful accessories often necessary for 
electrical experiments are given 

below. — 

(a) Connectors and Binding 

Screws. — These are used for connect- 
ing two separate wires and also 
for other different purposes. These « 

are of various shapes and types Connector Fig. 49 Binding Screw 

and are made of brass or copper (see Fig. 49). 

(b) Keys. — A key is used for opening or closing an electrical 
circuit. There are different types and shapes of keys of which two 
are generally used : — 

(i) Plug Key. — Two thick metallic plates 6\ C are fixed on an 
ebonite* Ifase B being separated from each other by a sma*ll gap which 

can be bridged by a brass 
plug P with an ebonite 
handle T (Fig. 60), S. S 
being the two binding 
screws. 


(il) Tapping Key. -It 

consists of an ebonite base 
Fig. 50.— Plug Key Fig. 51 — Tapping Key B on which two binding 
screws T, T are fixed, by means of which the key can be inserted in 
tfte circuiii. One of the screws T is attached to a metal spring S 
having an ebonite tapping button P (Fig. 51) Below this there is a 
metal stud connected by means of a metal strip (or wire) with the 
other binding screw T. Contact is made only as long as P is pressed 
down on the stud. When the finger is withdrawn, the metal spring 
springs up and the circuit is broken. 



" Tapping key is used if the current is required for a short time, 
while the plug key is used if the current be required for a 
longer time. 

(iii) Commutators.— A commutator is an arrangement for revers- 
ing the direction of a current passing through any portion of a circuit. 
There are different forms of commutators. 


(1) Quadrant Commutator.— Fig. 52 represents a four-way plug 
which can be used as a copi mutator. Four thick metal plates 1, 2# 3, 4, 
are separated from one another by gaps. The plates are fixed on an 
ebonite base B and provided with binding screws A, C, B, D (Fig. 63). 
Contact is established between the plates by inserting metal plugs bet- 
,ween the gaps as shown in the figure. Fig. 63 also explains the manner 


26 (11) 
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in which the four-way plug key can be used as a commutator. The 
battery is joined to a pair of opposite terminals, A and B, and the two 
ends of the portion of the circuit in which the current should be rever- 



Fig. 52 — Plug Commutator 


Fig. 5»S — Connection in Plug Commutator 


sed (here the galvanometer circuit) are joined to the other pair- of ter- 
minals, C and D. If one plug is inserted between B and D, and 
another between A and C, the current reaches the galvanometer 
through G (as shown by the arrow ab) and comes back to the battery 
through B. If, again, the plugs are inserted between A, D, and Bj C, 
the direction of current in the galvanometer is changed (as shown by 
the dotted arrow cd). The direction of the battery current is the same 
in both the cases. 

(2) Pohl’s Commutator. — Fig. 54 represents another commutator 
known as the PohVs Commutator, This is generally used for rapidly 
reversing the direction of a current. It consists of six mercury cupj 



Fig. 54 — Pohl’s Commutator Fig, 55 — Connections in a Pohl’s Commutator 
on an insulating base, each provided with its own binding screw. One 
diametrically opposite pair of cups is connected by a piece of thick 
copper wire, and another such pair is also connected by another wire 
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which is bent in order to avoid contact with the first. Connections are 
made as shown in Fig. 55. The two middle legs of the wire-frame 
rocker B remain always in contact with the mercury cups 3 and 4. 
The rocker rocks in such a way that when the two front legs dip in the 
cups 1 and 2, the two back legs do not touch the mercury cups 5 and 
6. Again, when the two back legs touch 5 and 6, the front legs do not 
touch 1 and 2. 

Now suppose in Fig. 55 the front legs of the rocker touch the 
cups 1 and 2 The current from the battery goes to the cup 3 from 
the cup 1 through the wire frame and then passes through the 
galvanometer G in the direction ABGDEF. Then from the cup 4 it 
reaches the cup 2 through the wire frame, and returns to the battery 
in the direction’ KII, 

(iv)- •Resistance Coils and Resistance Boxes. — Coils of insulated 
wire having resistances from fractions of an ohm to hundreds or 
thousands of ohms are made by instrument-makers and are usually 




Fig. 56 


Fig. 56(a) — Double Wire 
(Non-inductive Winding) 


arranged in a box, called a resistance box (Fig. 56). Coils having a 
standard resistance are also separately sold 
and used, each silk-covered wire in the coil 
being doubled over itself [see Fig. 56(a)] to eli- 
minate the effects of self-induction (see Chapter 
VII). The free ends of the wire are soldered 
to adjacent bars A, A (see Fig. 57). When 
a plug P is out, the coil is in the circuit, i.e. 
the current passes from one brass bar A to 
the other (yl) through the wire, and when the 
plug is in, the current passes straight across, 
and no resistance is included. Thus by 
changing the plugs in the box any required Fig. j57— Resistan^ coil 
combination of resistances may be used. ^s^stance ox 

^ (v) Rheostat. — The resistance in a circuit, and hence a current. 
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can be changed by including in the circuit a resistance box, but when 
the value of the included resis- 
tance need not be known, an 
adjustable resistance is some- 
times used. Such a variable 
resistance is called a rheostat. 

Fig. 68 illustrates a sliding 
rheostat. This usually consists 
of a coil of uncovered wire of 
high specific resistance wound — Rheosfcat 

on a slate cylinder in such a way that the neighbouring turns do not 
touch one another. The two ends of the wire are connected to the 
two front binding screws T. T. The instrument is inserted in a circuit 
by means of the binding screw A at the top and one of the front onea 
T, T. A sliding piece on the top bar B makes contact with the wire 
of the cylinder, and resistance can be altered by moving the sliding 
piece along the bar. 

39. Measurement of Resistance. — Elec kic resistance can be measu* 
red in two ways : — (a) Method of Substitution ; (fe) Method of Comparison, 

(a) Method of Substitution — The unknown resistance is joined< 
in series with a battery and a galvanometer (say the low resistance 
coil of a tangent galvanometer), and the deflection is noted. After 
this, a suitable resistance box is inserted in the place of the unknown 
resistance and the resistances in the box are adjusted until the 
galvanometer gives the original deflection. The total value of tire 
resistances used in the box gives the value of the unknown one. This 
is only an approximate method and is not ordinarily used. 

(b) Method of Comparison. — The usual method of measuring a 

resistance is by the principle of 
Wheatstone's Bridge, which em- 
bodies a method of comparison. 

Wheatstone’s Bridge. — It 

consists of four conductors AE, 
EC, CD, DA having resistances 
P, Q, X, B respectively (Fig. 59). 
The two junction points E and D 
are connected by a galvanometer 
G through the key and a 
battery B is included between the 
other two junction points A and 

Fig. 59 — Wheatstone’s Bridge C through the key K 2 . The resis- 

tances of the different branches are so adjusted that when the two 





OUBRBNT ELBCTBIGITY 


406 


keys E*! and are closed and a current passes through the 
system, there is no deflection in the galvanometer. This happens when 
the potentials of E and D are the same^ and so no current flows through 
the branch ED and so through the galvanometer. Any experimental 
Vjicthod by which this condition of *no deflection’ is obtained is called 
e. null method. The current coming from the battery is divided at 
A into two portions Ci and flowing in the two branches AEO and 
ADO respectively, which again unite at C and flow back to 
the battery. Let and be the potentials at A and C, 
and let the potentials at the points E and which are supposed to be 
the same, be V. there is no flow of current between the points 
E and D , the same current Ci flows through P and Q while flows 
through It and X, By Ohm’s Law, 


we have Ci 


Hetfce, 


F^_-F F-Fa 
^ P Q 

F- F “ X * 


again 62 


Fi-F F-F, 
B 7 X 


Or, knowing any three of these resistances, the fourth can bo 
calculated. • 


Two forms of Wheatstone s Bridge, which are generally used for 
the measuremeut of resistance, are (i) the Metre Bridge, and (ii) the 
Post Office Box. 


40. The Metre Bridge. — This consists of a fine bare wire AC of 


uniform cross-section, one metre long, stretched along a metre 


scale which is fixed upon a 
wooden board (Fig. 60). The two 
ends of the wire are soldered at 
the points A and C of the series 
of copper plates AT, TL, MN, 
JF, and FC of negligible resis- 
tance, binding screws being 
provided at the points marked 
by letters, A, T, L, M, D, N, J, 
F and 0. 

There is a slider E, also 
•called the Jockey, by pressing 
which contact can be made at 
Any point of the wire. The 
bridge has two gaps LM and NJ 



SHUNT 

Fig. 60 — The Metre Bridge 
for the insertion of resistance coils. 


To measure a resistance X, it is placed in the gap between N and 
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J, A known resistance B is placed in the gap between L and M, 
The two terminals of a galvanometer are joined to the binding screws 
at D and E being on the slider. Two terminals of a battery are 
joined at T and F through a key K, Now, closing the battery circuit, 
move the slider along the wire and press it at different points until a 
position is found for which there is no deflection of the galvanometer. 
At this position the potentials of D and E are the same. Let I be the 
length of the portion AE of the wire and 100 - 1 that of EC, and let 
P and Q be their respective resistances. 


Then, we 


have, 


B 

X 


P 

0 ’ 


from Wheatstone's Principle. 


. But, since the wire is uniform, the resistance of any portion of 
it is proportional to its length : for if p be the resistance per unit 
length of AG, the resistance P of the length Z«=pZ. and that (Q) of 
the length ( IQO - Z) « p(l00 - 1). 


^ Z 
Q 100 -Z 


Hence, 


B 

X 


P 

q' 


_Z,__ 

100- z 




B X (100 - Z) 
*Z 


[Note. — It may be noted that the bridge will be most sensitive 
when the position of the balance point is near the middle of the wire. 
For this reason B should be as nearly as possible equal to X\. 

41. The Post-Olfice Box. — This is a compact form of the Wheat- 
ston’s Bridge (Fig. 61). It is so n^mod because this instrument was 

originally intended for service in 
the British Post Offices for measuv'- 
ing resistances of telegraph wires, 
etc. On examining the box it will 
be found that in the first line AC 
(Fig. 61) there are two sections, 
AE and EC, each containing a set 
of three coils of resistances 10, 100, 
1000 ohms respectively. These 
sections form P and Q arms of 
Fig. 59, which are called the ratio 
arms of a Wheatstone Bridge. 
The resistances of the remaining 
coils vary from 1 ohm to 5000 ohms 
or may be any other suitable series. This section forms the arm B of 
Fig. 59, called the rheostat arm, which should be adjusted so that no 
current will pass in the galvanometer. In order to insert a resistance in 
the circuit, the plug in the corresponding coil should be taken out. The 
unkown resistance (X) is put in the fourth arm between D and C, The 



Fig. 61 — The Post Office Box 
Connection 
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galvanometer (G) is inserted between B and D through the tapping key 
(fCi), while the battery B is connected between A and C through the 
other key (iTa). 

Expt.— For the measurement of an unknown resistance X, 

first draw a diagram of the Wheatstone's Bridge, and make the 
connections as in Pig. 61. In making the measurement, first take out 
the two plugs corresponding to resistances 10 ohms from each of the 
ratio arms AE, EG, and adjust the resistance li in the rheostat arm 
AD, till the galvanometer gives no deflection. 

In this position, we have, P!Q= HIX 


or 


X = E 


Q 

P 



72. 


Or, tl\e^ resistance in the AD arm gives directly the value of. the 
unknown resistance. If, however, the exact balancfi point is not 
obtained, the correct value can be calculated by the principle of 
' oroportional parts. By ^changing the values of the ratio arms, and 
correspondingly changing the value of AD arm, the resistance up to 
the second place^of decimal can be determined. 

Fai' example, sa3)^ the -value of an unknown resistance is 2'31 ohms. 
Changing the ratio oi P : Q from 10 : 10 to 100 : 10 and finally to 
1000 : 10, the corresponding resistances in the AD arm should be 
changed from 2 to 23, and finally to 231 in order that there may be 
#io deflection in the galvanometer. 


Then we have, 


1000^231 
10 * X’ 


Therefore X = 2*3 1 ohms. 


Note. — Remember always to close the battery circuit'^ before 
the galvanometer circuit ; for, if the galvanometer circuit is closed 
before the battery circuit, a temporary current may flow through the 
galvanometer in the opposite direction to the main current due to self- 
induction (see Chapter VI). Follow the reverse order when breaking 
the circuit, i.e, break the galvanometer circuit before the battery 
circuit. 

41(a). Uses of Metre-Bridge and P. 0. Box. — 

(i) Metre bridge is suitable for measuring small resistances whilst 
the Post Office Box is suitable for measuring fairly high resistances. 

(n) The specific resistance p of the material of a wire whose 
resistance X is determined with either of them may be calculated by 
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ver^ small in order that it may not appreciably change the strength 
of the current in the circuit which is to be measured. 

A Voltmeter — a frequent type of which resembles an ammeter 
in appearance— is an instrument for measuring the difference of 
potential between any two points of a circuit. The dijference between 
an ammeter and a voltmeter is that the moving coil in the voltmeter 
itself is of very high resistance, or it is connected in series with a high 
resistance, while the resistance of the coil in an ammeter is low. So 
a voltmeter is essentially a high resistance moving-coil galvanometer 
of the type described above. It is always placed in parallel with the 
main circuit, the two terminals of the voltmeter being connected with 
the two points of the circuit, the potential difference of which is 
to be measured, and as it is placed in parallel connection (see Fig 63), 
the current passing through the instrument is very small and so 
the current in the main circuit is practically unaltered. The P.D. 
under measurement, therefore, is also not affected. 

Theory of Voltmeter — 

If C bo the strength of the current flowing between two points in a 
circuit before completing the voltmeter circuit, the P. D. between the 
points is Or by Ohm’s Law, r being the resistance between the two- 
points. Now, when the voltmeter circuit is joined across the portion 
of the main circuit having resistance r, it taps off a part of the main 
current, though a very small part, say 6\. Then the current flowing 
through the main circuit is (C* Ci), and the P. D. between the pointa 
is (C-Ci)r. This shows that any current Ci passing through the 
voltmeter circuit causes a diminution (Cir) of the P. D. originally 
existing between the two points, and thus the P. D. measured on the 
voltmeter will be smaller by Cir than the actual P. D. (Cr) which 
existed between the points before the voltmeter was connected up. 
Now, if the resistance of the voltmeter be very great in comparison: 
with r, the current Ci, flowing through the voltmeter, will be so small 
that it may be neglected in comparison with C (which may thus be 
taken to be unchanged), and so the P. D. between the points becomea 
practically equal to Cr. 

The deflection of the voltmeter is proportional to the small current 
flowing through it, and this is, by Ohm’s Law, proportional to the P. D. 
between the points with which the terminals are in contact. Hence, 
if the voltmeter be already calibrated to measure P. D. directly in 
volts, the position of the pointer over the graduated scale of the 
instrument gives the P. D. between the points. 

The scale of ampere-meters may be graduated to read directly 
in amperes, milli-amperes (tuVu of an ampere), or mioro-amperes 
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(110^ of an ampere) — the instruments being called 
ammeters, and micro-avimeters respectively. 

Similarly there are voltmeters, mtlli-voltmeters, and micro-voltmeters, 

43. How to use a Suspended-coil Galvanometer as an Ammeter 
or a Voltmeter. — In order to tise a sensitive moving-coil galvanometer 
as an ammeter, a short thick wire should be joined across its termi- 
nals to allow only a small fraction of the current through the coil of 
the galvanometer, the major portion of ttie current passing through 
the thick wire (see Art. 37). Tho galvanometer should then be cali- 
brated in comparison with a standard instrument In fact, all 
ammeters are fitted with a low resifitance shunt placed in parallel 
with the coil, firstly, Zo protect the moving coil from excessive currents 
by using only a small fraction of the current under measurement, 
and, secondly, to reduce the equivalent resistance to a very small magni- 
tude s'o* that the shunted instrument can be safely putnn series with 
a circuit without appreciably changing the strength of the current. 

By having a suitablm shunt the ammeter can he used for a very 

wide range of current strengths (see Art. 37). 

For example, let us suppose that the maximum current allowed to 
pass through a given ammeter is O'i amp. and that the instrument is 
to be used up to 10 amp., i.e. the range is to be increased 100 times. 
For this a shunt S is to be joined across the terminals of the ammeter 
so as to allow of the main current to pass along S, and use to 
pass through the instrument. So the resistance of the shunt should 
be of the resistance of the ammeter, as explained in Art 37. 

Again, to use a galvanometer as a voltmeter a high resistance 
should be added externally to the voltmeter circuit in series, and the 
calibration should be effected by comparison with a standard voltmeter. 

A voltmeter may be modified so as to measure voltages higher 
than its maximum scale-reading by connecting an additional resistance 
in series to its circuit, because the voltage across any part of a simple 
circuit is proportional to the resistance of the other. Thus a voltmeter 
designed to read up to 5 volts may be modified to read iipto 10 volts by 
adding a resistance in series equal to the resistance of the instrument,, 
for V/V li'), where V is tho original and F' the final 
difference of potential, and B the resistance of the instrument and B' 
the new resistance to be added in series, where Similarly, 

if the same instrument be required to read up to 50 volts, B ^^dB, i.e. 
nine times the resistance of the instrument should be added. 

44. Method of connecting Ammeters and Voltmeters.— It 
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should be remembered that an ammeter should always be put in 

series in the circuit, and the 
voltmeter should be put in 
parallel between two points 
whose dififereflce of potential 
is required. This will be clear 
from Fig. 63, where the amme- 
ter A reads the current in 
amperes flowing through the 
circuit, and the voltmeter V 
measures the potential differ- 
ence between B and C, the 
battery circuit being completed 
through a key. 

Remember. — When intro- 
■ducing ammeters and voltmeters in a circuit, particular 
care should be taken to see that the binding sbrew marked ( + > should 
always bo joined with the higher potential terminal of the battery so 
that the current enters the instrument at the terminal marked ( + ). 

45. Resistance of an Incandescent Lamp by means of Volt- 
meter and Ammeter — The resistance of the filament of an electric 
lamp can be determined by a P, O. box when the filament 
is cold, but this method is not suitable when the filament is 
hot, in which case the following method is adopted. In Fig. 63 put 
the lamp between B and C and send sufficient current through the 
lamp so that the filament becomes incandescent and gives ouL 
light Now take reading of the voltmeter and ammeter. If 
the voltmeter reading is V volts and the ammeter reading is A 
amperes, then, by Ohm’s Law, the resistance B, of the filament, when 
incandescent, will bo given by, B - VjA ohms. 

Examples.— i. A galvanometer gives a fulhscale deflection with a current of 
O' 01 aiYvpere^ and has got a resistance of 10 ohms. How would you use this 
galvanometer^ 

(i) as an ammeter readme upto 10 amperes ? 

(ii) as a voltmeter reading upto 10 volts 7 

{%) The maximum current allowed through the galvanometer is 0*01 
ampere ; so in order to use it as an ammeter reading up to 10 amperes we must 
use a shunt of low resistance which will cary (10 — 0*01) ■■ 9*99 amperes. If 
8 be the resistance of the shunt, we have 

0*01 “ 10 (see Art. 87) ; or, 0*01 (10+df)-10iS 5-0*01 ohm. 

So, by using a shunt of 0*01 ohm with the galvanometer it can be used as 
■ an ammeter reading up to 10 amperes. 
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(ii) In order to use the galvanometer as a voltmeter (Art. 43) reading up- 
to 10 volts, a resistance O' should be joined in aeries with the galvanometer of 
resistance 10 ohms; so the voltage across the total resistance of (//+ 10) 
^ohras will be 10 volts. The current passing through the galvanometer and also- 
through 1/ is the same, i c. 0 01 ampere. Therefore, by Ohm’s Law, we have- 
(//+10)X0‘01 = 10 ; or, 0 Olii' + O l- 10. 

9*9 

0^1 " ohms. Thus the retjuirecl resistance is 990, ohms. 

2. A certain current measuring instrument has got 50 scale divisions" and reads- 
0'005 amp. per scale diviston. The instrument which has a resistance of 25 ohms is to 
be used for measuring volts. Calculate the resistance which must be used in series with 
the^instrumeni in order that ranges of i to 50 and 2 to 100 can be read, 

(i) 1 scale division Indicates 0'005 ampere, but it should indicate 1 volt i 

So we have C = ElR ; or, 0'005 = IfR ; R-20Q ohms. 

Resistance to be joined in scries -■ 200 — 25 = 175 ohms. 

{ii) *For the second range, we have, 0*005 ■= 2lR ; or R = 400. 

'Required resistance* 400 — 25*375 ohms. 

# 

Questions 

Art. 28. 

1. Define volt, ohm and ampere. (C. U. 1929),. 

1(a). What are the practical units for, (a) E.M.F., (6) current, (c) jesisbance, 
and (t/) charge *? (U. f. B. 1947). 

* 2. Distinguish clearly between an electromotive force and a potential 
difference as applied to a cell. (Pat. 1981, ’82 ; Mad. 1932). 

3. Define the absolute units of current, potential difference and resistance, 

and obtain the practical units from them. Name the instrument by which 
each is measured and describe any of them. (C. U, 1934). 

Art. 29 

4. How does the current delivered by a cell differ from that delivered by 

a static machine ? (0. U. 1936). 

5. Define electro- static unit quantity of electricity and name some ex- 

periments that go to show that electricity obtained by friction is similar in 
nature to the electricity obtained from a Voltaic cell. (Pat. 1939). 

Art. 30. 

6. One gm. of copper wire is drawn into a wire (a) 1 cm. thick, (b) 2 cms. 

thick. Compare their resistances. (All. 1926). 

[Ans : 16 : 1.] 

Arts. 31 & 32. * 

7. Explain what you mean by the term *Resi8tance3 of an electric circuit.' 
How would you compare two resistances in the laboratory ? The terminals of 
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a battery of E.M.F. 4 volts and resistance 3 ohms are connected by a wire 
' of resistance 9 ohms. Find the current strength. (C. U. 1926). 

(For comparison of two resistances see Art. 40). [Ans : J amp.] 

7 (a) Three wires, each of 60 ohms resistance, are arra^pged in parallel and 
connected to a battery of 10 Leclanche cells in series, each cell having an 
E.M.F. of 1'4 volts and a resistance of 2*2 ohms. Calculate the P. D. across 
the battery terminals and the current in each wire. (Utkal. 1948). 

[Ans : 20/3 volts ; 1/9 amp.] 

8. Two cells having a resistance of 2 ohms and E. M. F’. of 1’5 volts are 

connected in series-to the binding screws of a galvanometer having a resistance 
of 6 ohms. Find the current through the galvanometer. (C. U. 1920) 

[Ans : 0*3 amp.] 

8(a) A uniform wire 4 metres long and of resistance 6 ohms per metre 
is hent into the form of a square ABCD. The adjacent corners A and B are 
connected to a battery of E. M. F. 3 volts and internal resistance 4 ohms. 
Find the current along AB. (Utkal. 1947). 

[Ans : 9/34 amps.] 

9. An electric circuit contains a tangent g lvanometcr which gives a 

dedection of 45°. When, however, an additional resistance of 5 ohms is put 
in the circuit, this deflection is reduced to 30“. Calculate the total resistance 
of the circuit in the first instance. (Pat. 1926) 

[Ans : 6'82 ohms.] 

10. State Ohm’s Law, and phow how it provides the definition of elec 

trical resistance. (Pat. 1926). 

11. A cell, which has an E.M.F. of 1’5 volts on open circuit and the inter- 
nal resistance of which is 2 ohms, has its terminals joined by two wires of 4 
ohms and 10 ohms placed in parallel. Find the current in each wire. (Pat. 1937). 

[Ans : Cl =0*22 ; Ca = 0 08.] 

11(a). Find the resistance of a battery which on open circuit gives an 
E. M. F. of 6 volts and which, when producing a current of 2 amp., has a P. D. 
of 4 votes between its poles. (Pat. 1946). 

[Ans ohm.J 

12. State Ohm’s Law. Show how you will verify it ? 

(C.U. 1910, ’ll, ’18, ’20, ’25, ’36, ’39 ; Pat. 1918, 19, ’20, ’25, ’27, 
’28, ’35, ’43 ; Dac. 1932 ; All. 1923, ’25, ’26, ’28. ’32, 
’46 ; Utkal 1947). 

12(a). The E.M.F. of a battery is 18 volts and its resistance is 3 ohms. 
The P.B. between its poles when they are joined by a wire A is 15 volts, and 
it falls to 12 volts when A is replaced by another wire B, Find the resis- 
tances of A and B. (Pat. 1948). 

[Ans : 15 ohms and 6 ohms] 

12(b). Two wires of resistances 8 and 2 ohms respectively are connected 
in parallel. The combination is then connected in series with a third wire 
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of resistance 4 ohms. When tlie circuit is completed witli a battery, the 
main current is 0*5 Amp. Calculate the terminal voltage of the battery as 
well as its E. M. F. The internal resistance of the battery is 0'8 ohm. 

[Arts : E. M. F. = 3 volts ; terminal voltage -■2‘6 volts.] (U. P. B. 1948) 

13. State Ohm's Law and explain its meaning as carefully as you can. 

Apply the law to prove that the conductance of a number of coils in parallel is 
equal to the sum of the conductances of the coils separately, and explain how 
the relation can be verified experimentally. (Pat. 1930, cf. ’46). 

[Hints. — See Arts. 31 and 36. This can be verified by making experiments 
with a P. 0. Box. [(See Art. 41.)] 

Art. 33. 

14. Describe and explain the principle of actioii of 'Resistance thermo- 
meter’. (Pat, 1947), 

Art. 34. 

15. • gtate and explain the difference between a large am] small Daniel I 

cell in respect of (i) E.M.F., (ii) resistance. (Pat. 1938) 

16. ^tate, in general terms, on what the E.M.F, of a cell depends. 

# (C.’ U. 1919) 

Art. 35. 

17. How would you arrange 30 cells, in each of which the resistance is 5 

ohms, so as to send the most powerful current through an external circuit of 
6 ohms resistance ? ' ’ (Pat. 1915) 

\Ans : 5 rows, each containing 6 cells.] 

18. A battery of 10 cells joined in series yields a current of 1 ampere 

when the external resistance is 10 ohms, and a current of 0'6 anjpere when 
tne external resistance is 20 ohms. Find the E.M.F. and the internal resis- 
tance of the cells (these being the same for all.) (0. U. 1911) 

[Ans : E.M.F. *1*5 volts. ; r = 0'5 ohms.] 

19. Explain the terms ‘in scries’ and ‘in parallel’ as applied to a voltaic 

battery giving diagrams. (C. U. 1930) 

20. A battery of 5 similar cells is connected with a rhco.stat and a tangent 

galvanometer of resistance 20 ohms, all in series. When 100 and 190 ohms 
are successively used in the rheostat, the galvanometer records deflections of 
60® and 45® respectively. Calculate from the data the internal resistance of a 
single cell. (Pat. 1939) 

\_Ans : O' 5 9 ohm]. 

21. A number of cells are given to you ; how would you arrange them in 

order to supply the largest amount of current in a circuit of known external 
resistance ? (C. U. 1926) 

Art. 36. • 

22. A cell having an E. M. F. of 2 volts and a resistance of 0'5 ohm is 
, connected up with three lengths of wire having resistances of 1, 2, and 3 ohms 
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respectively, the wires being in series. Find the difference of potentUt 
between the ends of the middle wire. (G. U. 1930 : Dac. 1934> 

[Ana : 0*615 volt.] 

23. State Ohm’s law, and apply it to irnd the equivaletTt resistance of a 

system of conductors joined (a) in series, (b) in parallel. (Pat. 1941) 

24. Prove the law of parallel resistances. How would you verify this, 

experimentally. (Pat. 1947) 

Ten cells, each of E. M. F. 1*5 volts and internal resistance 0'3 ohm, are 
joined in series to form a battery. The terminals of the battery are joined 
by resistances of 20 ohms and 30 ohms in parallel. Find the current passing 
through each resistance. 

[Ana : C2o“0'6 amp. ; C3o'=0*4 amp.] 

Art. 35. 

25. A galvanometer of 40 ohms resistance is shunted by a shunt of 
5 ohms. Find the combined resistance of the shunt and the galvarometer. 
Find also the current which flows through the gajvanometer when a battery 
of 20 volts and an external resistance of 10 ohms are connected in series. 

[Ana : 7^ = ^-ohms ; Cg “^f^amp.] > (Dac. 1933> 

26. A circuit contains a shunted galvanometer. Tf C be the current in 
the main circuit, G the resistance of the galvanometer, ahd 8 that of the 

shunt, prove that the current through the galvanometer, Cg = --C, 

o T Cr 

A certain galvanometer of resistance 10 ohms is shunted with a resistance 
of 2 ohms and the current through the galvanometer is 01 amp. What 
additional shunt must be applied to the instrument so that the current through 
it may be O’Ol amp., the main current remaining constant. (Pat. 1937> 

[Ana : O' 185 ohm.] 

27. If a shunt is to be applied to a galvanometer of resistance 20 ohms so 

that only 1% of the total current passes through the galvanometer, what must 
be the resistance of the shunt ? (Pat. 1930) 

[Ana : §§ ohm.] 

28. Explain the use of shunts. What is the resistance of a shunt which 

when joined to a galvanometer of resistance *</’ will cause 1/n of the total 
current to flow through the galvanometer ? (Pat. 1944) 

[Ana: 1) ohm.] 

Art. 39. 

29. Give the theory of the Wheatstone’s bridge method of measuring 
resistances. (C. U. 1909, ’12, ’26 ; Pat. 1918, ’20, ’34 ; All. ’29 ;U. P. B. 1948) 

Explain how will you use it to find the specific resistance of a wire. (See 
Art. 41). (All. 1929, ’45 ; U. P. B. 1948 ; Of. ’22, '20 ; Pat. ’40) 
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30. If the resistance of a wire of length 120 cms. and diameter 0*4 mm. 
is found to bo 2*5 ohms, what is the specific resistance of the material ? 

[Ana: p = 26‘2 x 10”® ohm -cm. (approx.)] (Pat. 1920) 

31. Describe one form of Wheatstone’s bridge and prove the formula 
employed when using the bridge to measure a resistance. (Of. Pat. 1945, ’46) 

Art. 40. 

32. Discuss the theory and describe the practical arrangement of com- 
paring two resistances by a Metre-bridge. 

(0. U. 1927, ’45 ; All. ’21. ’25 : Dac. 1922) 

Art. 41. 

*33. Describe the construction of the Post Office Box and explain the 
principle upon which its working depends. Draw a diagram, showing the 
connections in an experiment with it. (Pat. 1929 ; cf. All. 1916 ; C. U. 1988) 

Art. 42. 

§4. * What is an ammeter ? How is it used How does*it differ from a 

voltmeter ? (All. 1924 ; Of. ’29, ’44) 

• 

35. Give a brief account of (a) a voltmeter, (b) an ammeter. 

• (0. U. 1932 ; Pat. ’44) 

Art. 43. 

36. How do you convert a 100-ohm galvanometer, reading up to 120 

micro-amperes, into acvoltmeter reading up to 2*4 volts ? (L. U.) 

[Ana : Adding resistance = 19,9000 ohms] . 


CHAPTER V 

Thermal Effects of Electric Currents : 

Thermo-Electricity 

46. Work done by a current : Joule’s Law.— When a current 
flows through a wire of some appreciable resistance, the wire is 
heated. The heating is due to work done in overcoming the resis- 
tance to the flow of electricity. So the heat is produced at the expense 
of electrical energy. It has already been stated (Art. 28) that unit 
work is done in carrying unit quantity of eleotficity between two 
points differing in potential by unity. Suppose a wire of resistance r 

27 (II) 
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is to be traversed by a current of strength C. Let E be the potential 
difference between the two ends of the wire and Q units of electricity 
conveyed through it in time t seconds (both being measured in G.G.S. 
electro- magnetic units) ; then the work done, 

ergs ergs (V y - Crt - C*r^ ergs E=Cr. by 

Ohm*s Law). 

Here, G and r are expressed in 0. G. S. units. If these are expressed 
in practrical units, then C amperes* C 10’^ C. G. S. units, and r 
ohras-rx 10® C. G. S. units. 

Tr-(Cx 10“^)® xrx 10® C®ri x.lO*^ ergs. 


If H be the amount of heat generated, and J the mechanical equi- 
valent of heat, 

W-JH 

• 

. ^ W CVixlO" CMxlO^ , . ... 

. . H ~ calories (V 4 2 x 10^ 6rgs per 

J J 4 2 X 10 * ^ 

C® rt 

calorie) ■ calories *0'24 G^rt calories. 

4 2 


From the above expression the following law, known Joule's Law, 
can be derived. The law was first established by Dr. Joule, pf 
Manchester, in 1841. 

Joule's Law of Generation of Heat. — The law states that, 

(i) The amount of heat generated in a conductor in a given interval 
of time is proportional to the square of the current to which it is due, 

i,e. when r and t are constant. 

(ii) The amount of heat generated by a given current in an inter- 
val of time is proportional to the resistance of the conductor, 

i.6. Jf « r, when G and t are constant. 

(ill) The amount of heat generated in a given conductor by a given 
current is proportional to the time for which the current passes, 
i,e. II ^ t, when G and r are constant. 

[Note. — The beating effect of electric current is used for lighting 
purposes in incandescent-filament lamps, arc lamps, etc. (see Art. 72)1. 

47. DeterminEtion of J. — The value of the mechanical equivalent 
J can be determined by electrical method in the following way : — 
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Expt. — A oalorimeter with a stirrer (S) is taken (Fig. 64). The 
calorimeter contains a 
quantity of some liquid in 
which is dipped a coil of fine 
manganin wire W (say, of 
resistance r), the two ends 
of which are connected to 
the two terminal binding 
screws B and C, which are 
fixed on an insulating lid 
placed on the calorimeter. 

The circuit contains a 
battery D, a rheostat R, an 
ammeter A, and a plug key 

in series with the hea- 
ting ccfll W, and the connec- 
tions s.re made as in Fig. 

A sensitive thermo- Fig. 64 

^ meter T, the bulb of which 

should he immersed in the liquid is introduced in the oalorimeter. The 
voltmeter V reads the potential difference between the ends of the 
coil W. c 

The initial temperatara of the liquid is read. Then the current is 
started, the strength of which is adjusted by means of the rheostat, 
and its value 0 is read from the ammeter. The current is allowed to 
^pass through the- circuit for a known interval of time t. The liquid is 
stirred and the final temperature of tho calorimeter and liquid noted. 

Calculation. — Let mass of liquid of sp.-heat S \ initial 
temperature of water; 0a = fiQal temparacure of water; w- water 
•equivalent of the calorimeter and stirrer ; then, 

The amount of heat developed x w ){02 " 0i) 

We have, JTI^ CVix lO’ ; . . Jims w){e ^ 10^ ; 

X 1 0^ 

* (ms + i^?)(0a -Cl) 

48, Experimental Verification of Joule’s Law. — (i) The amount 
of heat generated m a conductor (resistance r) in a gioen time is directly 
proportional to the square of the strength of the current flowing in it^ i.e, 
G*, when r and t are constants, — Take the same apparatus as 
shown in Fig. 64. Put a known quantity of some oil in the calorimeter ; 
note its temperature, and pass a current strring ^he oil all the time. 
Take che rise in temperature after passing the current for, say, 

10 minutes, and read the ammeter to know the strength of the current. 
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Let it be G^. Now iaorease the strength of the current to by sui- 
table adjustment of the resistance B, and note the rise in temperature 
after an equal interval of time as before {i.e. 10 minutes). It 

will be found that 

O2 ^2 

But as the mass and the water-equivalent of the calorimeter and its 
contents remain the same, the amount of heat produced is proportional 
to the rise in temperature, which again will be proportional to the 
square of the current strength as shown above. For example, if the 
strength of current is doubled G.e. Ca ■■ 2Ci), the rise in temperature, 
and hence the amount of heat produced, will be 4 times the previous 
values, (« e. 0a " 491 ) Thus it is verified that the amount of heat 
produced, H«C^. 

(ii) The amcnint of heat generated by a given current in a gii^en 
interval of timers directly proportional to the resistance of the Conduc- 
tor, i.e, 71 r where G and t are constants . — 

Take two coils having different resistances and r^. First perform 
the above experiment with one of the coif^ having resistance rt in 
the liquid of the calorimeter, and note the rise in tem^perature. Now 
replace the coil by the second coil of resistance ra and proceed as 
before keeping the strength of the current constant by means of the 
rheostat B. If Ox and O 2 be the respective rise in temperature of water in 

9 r 

the above cases, it will be found that * = But II^ Q, So, H« r. 

9 a ^2 ^ 

(Mi) The amount of heat generated by a given current in a given 
cond'iictor is directly proportional to the time during which the current 
flows ; i,e. t, where G and r are constants. 

Take the temperature of the oil at equal intervals of time, say 
every minute, in experiment {i) above. It will be seen that the tem- 
perature of the water rises uniformly, i.e by equal amounts in equal 
intervals of time. This verifies that, Hoc t. 

49. Effect of Current on the Resistance of a Conductor — The 

effect of current on the resistance may be better explained by taking 
an illustration. Suppose, we have a chaih made of alternate links of 
silver and platinum wires of the same diameter. When a current from 
a battery is sent through the chain, the platinum wires will glow 
brightly while the silver wires will remain dull. The same current 
passes through each wire, but the specific resistance of platinum being 
six times that of silver, the heat developed in the platinum wires is 
greater than that in the silver. The fact that the thermal capacity 
of platinum is less than that of silver also increases the effect. 
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Again, if a current from a battery is sent through a long piece 
of platinum wire so that the wire glows feebly, and if a part of the 
wire is dipped in a beaker of cold Tvater, then the rest of the wire will 
glow brightly. This is due to the fact that the resistance of a metal * 
wire decreases when cold, so the cold part of the wire reduces the 
total resistance of the circuit, which again increases the current and 
thus produces more heat. 

The thinner the wire the hotter it becomes when a given current 
passes through it, because its resistance is greater, and the surface 
from which heat can be radiated is smaller in this case in comparison 
wjth a thicker wire. 

The fact that, when a current passes through a resistance, the 
heat produced (and the 1->S8 of energy) is proportional to the square 
of the strength of the current, has to bo carefully considered when 
transmitting electric power. Thick, and therefore costly, conductors 
are needed in order to avoid fusing of the wire due to the heat, which 
represents a wastage of energy. So it is much cheaper to transmit a 
small current at a high foltage than a large current at a‘ low voltage 

{vide Gh. VITI). 

• 

Examples. — 1. The ends of a coil of 50 ohms resistance a?-e connected to an 
voltmeter reading 0'5 itplt t ) a division. This coil is immersed in an oil of specific 
heat 0'3. The temperature of the oil rises throiuih 20^ when a current passes through 
it for 15 minutes Calculate the mass of the oil. Voltmeter reads 12 while the current 
passes. The vessel in ivhich the oil is contained is of negligible heat capacity. 

{Pat. 1927) 

We know, C^rt (C and r are expressed in C.G.S, units). 

or JIT^C^rt, where J = Joule’s equivalent, and is equal to 4’2x 10^ ergs. 

If C and r are expressed in practical units, 

„ C^^xl0-*xrxl0»x^ C^rt , 

^ 4'2 X 10"^ 4’2 ’ 

If m be the mass of the oil, the amount of heat produced, 

H — tn X 0'2 X 20 cal. 


The potential difference of the two ends of the wire is 12 X 0'5 6 volts. 

6 3 „ ^ f A)* X 50 X 16 X 60 

Current** amp. Hence x 0 2 X 20 = 7: ; 

50 2.'5 4 2 


whence m = 38'67 grams. 

2. An electric copper kettle holding 1800 gni. of water weighs WOO gm. If a 
current of 5 amps, at 200 volts pass through the kettle^ calculate the time taken by 
water to reach boiling point from 2Cf*C. [Sp. ht. of copper isO'l ; J ^ 12 n 40^ erga.). 

We have ergs. (Art. 46) ^ 


ECt Kxl0®xCxl0“^x/ , 
J 


ECt 

4-2 


cals. 
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Here (1000 x 01 + 1800) (100 - 20) 
4‘2 X 162,000^ f 2 X 162 .000 
EO "" '200x6 


1000X80 -162,000 cals. 
10 min. 88'4lBecondB. 


t ^ 

3. ABCD ia a network of resistances 5, 8, 7 and 26 ohms Haken in order. A 
battery of 29*9 volts is connected hetioeen A and C. Find simple numbers which will 
represent the heat generated in AB, BC, AD, and DC. {Pat. 1932) 

Draw the diagram. The resistances AB, BC, Cl) and DA are 5, 8, 7 and 16 
respectively. When the battery is joined between A and C, the resistance of 
the branch ADG^(\Q-¥1) or 28 ohms, and that of the parallel branch ABO^o 
(5 + 8) or 13 ohms. If be the current flowing in the branch ABC^ 

29 9/13 ( the P. D. of A and C = 29‘9 volts) = 2'3 amp. and if be 

the current flowing in the branch ADC ; Cg = 29’9/23= 1*3 amp. 

If H be the amount of heat generated by a current C flowing in any con- 
ductor of resistance r for time t secs., H=0*24 x C^rt calories (Art.. 46). 

If -ffi, ftTg, and i/4 be the number of heat units generated per 
sec. in AB, BC, AD, and DC respectively, we have, * 

//i - 0 24 X (2*3)2 X 5 = 6*348 calories. = 0*24 x (2*3)® x 8- t0*156S 

calories. - 0*24 x (1*3)® x 7-2*8392 calorie^ ‘ f/4 « 0*24 X (1*3)® x 16 
"6*4896 calories. 


60. Electrical Work : Energy : Power. — • 

Electrical Work. — Electrical work is said to be done when a charge 
flows under a potential difference. When unit charge flows under a 
P.D. of the work done is E. Therefore, when Q charge flows under 
a P.D. of Ej the work W— Q x ^ (G.G.S. units) charge x pot. diff. 

The practical unit of, work or energy is the Joule, which is the • 
work done when 1 coulomb is moved through a potential difference 

of 1 volt. 


1 Joule" 10“^ X 10 ® — lO"^ G.G.S. units of work (or ergs). 
c7— 4’2 joules per calorie. 

Power. — Power is the rate at which an agent does work, i.e. it is 
the work done by an agent per unit time. 

Q X E 

That is, the power P- CE ; where C(- Qlt) is the current 

t 


strength, and E the’ potential difference. The practical unit of power 
is known as the watt, which is the power expended when one ampere 
of current flows under a P.D. of one volt. Hence, 

Power (In watts) - Volts x amperes 
1 watt — 1 amp. x^ 1 volt per sec. — 10”^ x 10 ® 

-10^ ergs, per sec.-l Joule per sec. 

1 Kilowatt -1000 watts. 
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The energy expended in an electric circuit at the rate of one 
kilowatt for one hour is known as one kilowatt-hour (K. W. H.) of 
energy. It is the Board of Trade Unit (B. T. U.) by which the con- 
sumption of electrical energy is measured and charged by the * 
Electric supply companies. 

1 K W.H. - 1000 watts x 60 x 60 secs. 8.600.000 joules - 36 x 10" joules* 

51. Relation between Horse- Power and Watts. — The Engineer- 
ing unit for power is called one Horse-power. 

1 H. P. — 33,000 ft. -lbs. per minute — 550 ft.-lbs. per second. 

- 650 X 30'48 X 453‘6 x 981 ergs per sec. 

— 746 X 10^ ergs, per sec. — ■?46 joules per. sec. 

— 746 watts ('.' l.watt — 1 joule per sec.) — 0‘746 kilowatt. 


Examples.— i. ‘ Calculate the time required to boil a litre of water which is at 
25 4»C.r, the available energy being at the tale of 1 H. P. 

Heat required to raise the temperature of 1 litre (1000 c.c.) of water 
through -(100 - 25*4)®. or 74‘6'’C. = (1000 x 74*6) - 74600 calories. 

But 1 calorie is equivalent to 4*2 x 10^ ergs or 4*2 joules. 


The electrical energy equivalent to 74600 calories is 746000 x 4*2 joules. 

The rate of aveSlable energy — 1 H. P. = 746 joules per sec. 

. 74600X4*2 j ^ 

. . Time required — - - seconds — 7 minutes. 


2. A generator produces current at 200 volts, but owing to the resistance in 
tlie cable leads, the available voltage in a station is only 210 volts, where a motor is 
working on a current of 20 amperes. Find {a) the power of the generator in (i) K. W., 
(ii) H. P. ; (6) the power taken by the motor in K. W. ; ic) the energy wasted in the 
leads ; {d) the resistance of the leads. 


(a) 


(b) 

ic) 

id) 


Power in watts — volts x amperes. 

Power of the generator — 220 x 20 watts — (220 x 20)/1000 K. W. 
-4*4 K. W. ; and i220x20)/746 H. P.-5*9 H. P. (approx.) 

Power taken by motor— (220 X 20j/1000— 4*2 K. W. 

Energy wasted in leads — (220 — 210) volts x 20 amp. — 200 watts. 


Resistance of leads— 


P.D. b etween ends 
current 


220-210 

20 


10 

20 


0'5 ohm. 


3. The lighting of a village requires 40 amps at 200 volts. This is supplied by 
a dynamo in a distant town, developit^ a P D. of 220 volts. Findt (i) the resistance 
of the mains from town to village : (ii) the number of D T. Units consumed in 10 hours 
in the village : (iti) the number of B. T. Units wasted in the mains in the 
same time. (U. P. P. 1948) 

(f) Fall of P.D. in the mains— 220- 200- 20 volts— resistance of the 
mains x current in the mains — resistance x 40. Besistanoe of the' 

mains — 20/40 - 0*6 ohm. 
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(ii) B. T. units consumed in 10 hours 
(Hi) B. T. units wasted in the mains 


200 X 40 X 10 


1000 

(MO - 200) X 40x10 

iooo 


-80 K.W.H. 

-8K.W.H. 


(For applications of Heating Effect of Electric Current see Ch. VIII.). 


Thermo- Electricity 


52. Seebeck Effect; Thermo-couple. — In 1821 Seebeck 
observed that if two wires of different metals were soldered together 
at their ends so as to form a closed circuit, then, on heating 
one of the junctions, a current flowed round the circuit. This 
phenomenon is known as the Seebeck effect. The current is called 
thermo- current, and the pair of metals combined in this way is 
called a thermo-couple. Experimenting with various metals Seebeck 

arranged several metals in a series, called 
the thermo-electric series or Sftebeck 
series (given below), such that when any 
pair of them is used, the current flowed 
through the cold junction from the metal 
which occurs earlier in t^e series to that 
which occurs later in the series. Thus, in 
: an iron-copper couple (see Fig. 65), the current flows from iron to 
copper through the cold junction, the position of copper in the Seebeck- 
seri es* being earlier than that of iron. 

Thermo-Electric Series 

(3) Silver ; (5) Copper 

(4) Gold ; (6) Bismuth. 


(1) Antimony ; 

(2) Iron ; 


Ho 



Cold 

^ ^^Current 

Fig. 65 — Thermo-couple 


It has been found experimentally that the E, M,. F. produced in 
the circuit increases as the difiference of temperature between the two 
junctions is increased. Keeping the temperature of the cold junction 
constant at 0°C., and gradually increasing the temperature of the hot 




.(a) Fig. 66 (b) 

junction, the E. M. F, attains a maximum value at a certain tempera- 
ture after which the E, M. F. diminishes and gradually becomes zero. 
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tLlthough the temperature continues to rise. With further rise of 
temperature the E, M, F. is reversed, and the current begins to flow in 
the opposite direction. The temperature of the hot junction at which the 
E M. F. becomes a maximum is called the Neutral temperature. It 
is changed if the pair forming the couple is changed. 

Peltier Effect — In 1834 Peltier found that when an electric 
current is made to pass through the junction of two dissimilar metals, 
then the junction is either heated or cooled, according to the direction 
in which the current dows. This is known as the Peltier effect, 
which is the converse of the Seeheck effect. 

The rule about evolution and absorption of heat is that the 
junction, which on applying heat sends the thermo-electric current 
in a certain direction, absorbs heat when a current is sent- through it 
in the same direction from a cell. Sending the current in the opposite 
directido evolves heat at the junction. Fig. 66 (a) •illustrates an 
Cu-Fe couple in which, on application of heat at a junction, current 
^Cows from Gu to Fe across that junction. Fig. 66 (b) shows that in 

same couple, on sendiil^ a current from a battery from Cu to Fe, 
heat is absorbed at that junction resulting in a fall of temperature. 

This phenomenon has been explained by supposing that there 
exists an ("caffled the Peltier E.M.F.) at the junction of two 

dissimilar metals. The magnitude of this E.M.F. is proportional to 
the temperature of the junction, and its direction for the two metals 
is 6xed. Thus in a copper-iron couple the E. M. F. is directed 
from copper to iron. That is why, when a current is passed through this 
•couple, cold is produced at the junction where the current passes from 
copper to iron, i.e. in the direction of the Peltier E.M.F. and heat is 
evolved at the other junction when the current passed in opposition 
to the Peltier E.M.F. 

Peltier Effect and Joule's Effect Compared.— The heat 
produced due to the Peltier effect should not be confused 
with the ordinary heating effect (Joule’s effect) of a current. The 
ordinary effect (Joule’s effect) depends upon the resistance of the 
metal and is independent of the direction of the current, whereas 
the Peltier effect depends upon the direction of the current. The 
•Joule's effect is proportional to the square of the current (C®), whereas 
the Peltier effect is proportional to the current (C). Thus, the 
Peltier effect is an illustration of a reversible process between heat 
and electrical energy, whereas the Joule's effect is an illustration of 
•an irreversible process. 

Thomson Effect. — When a current is passed from a battery 
, through a thermo-couple, heat is evolved or absorbed not only at the 
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two junctions (Peltier effect) but also along the two elements forming; 
the couple. On reversing the direction of the current, the effects ara 
also reversed. This remarkable effect was discovered by Sir William* 
Thomson (Lord Kelvin), and known as the Thomson ^effect. 


This has been explained by supposing that there exists an E. M, F. 
in a conductor whose ends are at different temperatures. In some- 
metals the direction of the E. M. F. is from the hot to the cold end^ 
and in some other metals the direction is the opposite. Thus, in iron 
there is an E, M. F. acting from the parts of higher to those of lower 
temperature, while in copper the E. M. F. acts from the parts of lower 
to those of higher temperature. Due to the existence of this E. M. *F., 
heat will be evolved or absorbed in the conductor depending on the 
direction of* the current. 



Fig. 67 — Thermo- pile 


53. Thermo- pile. — The instrument originally construcTted by 
Nobile comprises^ a number of small rods 
of two dissimilar rods, usually Antimon/y' 
and Bismuth alternately joined in series 
in a zigzag way as shown in Fig. 67. Each> 
of the junctions is well soldered while the 
other parts of the rods are carefully insul- 
ated. The two free ends of the series is 
connected to two binding screws between 
which a sensitive galvanometer is placed. 
The combination, therefore, is a number of thermo-couples joined im 
series in order to increase the total E.M.F, like that of a series battery 
of cells Moreover, the combination is usually made in the form of a 
cube where the alternate junctions of the series are on the opposite* 
faces A and B of the cube. The front face A which is turned towards 
a source of heat is coated with lamp-black to absorb, radiant heat as 
readily as possible. The cube, ordinarily called a thermo- pile, is 
enclosed in a brass casing having a conical mouth-piece around the 
front face A by which radiant heat is collected. Antimony and^ 
Bismuth are used in order that for a given difference of temperature 
between the two faces of the pile a compa^ratively large E, M F. may 
be obtained- 


The instrument is very sensitive to even a small difference of 
temperature between its two faces. It is used to detect radiant heat. 
It is employed for the measurement of solar radiation, and the com- 
parison of the distribution of. heat energy in a spectrum. It can be* 
calibrated by check observations to record directly the difference of 
temperatures between the tWo faces of the pile. 
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Questions 

Art. 46. 

1. A conductor carrying a current divides into two branches whose 

.'e^yistances are in the ratio of 4 to 5. Compare the amounts of heat generated 
in the branches. (CJ U. 1981) 

\_Aifis r H 2 ‘5:4] 

2. How does the rate at which heat is developed by an electric current 
depend on the current strength and the resistance of the conductor ? 

(Pat. 1929) 

3. Obtain an expression for the quantity of heat generated in a conductor 
of resistance when a current ‘C’ passes through it for ‘t’ seconds. 

(Pat. 1932, 89, ’42 ; Cf. C. U. ’42, ’44 ; Utkal 1948) 

3(a). Deduce an expression, in practical units, for the development of 
heat per second in a conductor carrying a current. (U. P. B. 1947) 

4. In® what respects does a wire carrying a current differ from a wire 
which carries no current 

. \ \How can the effects so produced be utilised for the measurement of ^ 

■ cd.^ent ? • (All. 1917) 

[Hints. — Differs ip two respects : — when a current passes through a wire 
(i) a magnetic field is set up round the wire (see Art. 11) ; (ii)heatis- 
developed in the wire (seh Art. 46). 

For the measurement of current, magnetic effects are utilised in instru- 
ments known as ammeters, and the heating effects are utilised as noted in 
Art. 46, where C is calculated. from the relation C® ri x lO"^], 

^ 5. Compare the amounts of heat developed in the four arms of a balanced 
Wheatstone’s bridge when the resistances of the arms are 100,10,800,80. 

[Aim: 30:3:10:1] (All. 1981) 

6. A coil of wire of resistance 2 ohms is soldered to two thick copper rods - 

immersed in 1000 grams of oil (specific heat 0'6). A current of strcAigth 8 
amperes is passed for 80 minutes. Neglecting the water equivalent of the' 
calorimeter, loss of heat by radiation, etc., find the rise in temperature of the 
oil. A current of 1 ampere passing through a resistance of 1 ohm for 1 second* 
generates 0‘2387 calories. (C. U. 1909) 

[Afis : 12*89 approx.] 

7. A 220-volts, 600-watt aluminium electric kettle weighing 1,200 gm. is ' 

used to boil water from a 220- volt electric supply. How long will it take to 
bring 1 kgm. of water from 30^0. to the boiling point, assuming all the heat 
generated to be utilised without loss due to radiation ? (8p. ht. of Al.""0'2) 

[Ana : 12 min. approx.] (Fat. 1987) 

8. A constant current of one ampere flows in a platinum wire of resis- 
tance 5 ohms, stretched along the axis of a cylindrical tube, through which a . 
'^teady stream of water passes at the rate of 16 c.c. per minute. The steady 
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difference between the temperatures of the water entering and leaving is 
4'8®C. Neglecting losses of heat, calculate a value of the mechanical equiva- 
lent of heat. (C. U. 1937) 

[Ans : 4‘16 X 10*' ergs. « 

9. An electric kettle whose water equivalent is 100 gm. contains 1000 
gm. of water at 15°C. If the kettle takes 4 amp. at 230 volts (a) find the rate 
of generation of heat in it, and (d) the time required to boil the water assuming 
that 10 per cent, of the heat generated is lost. 

: {a) 220 calories per sec. ; (b) 7 min. 62 sec,] 

10. A current of 5 amperes flows through a wire of resistance 10 ohms for 

2 minutes. If the heat produced is exclusively supplied to 100 gm. of >yater, 
through how many degrees will the temperature be raised ? (G. U. 1941) 

[Ans : 70°C.] 

Art 47. 

]0(ah Def^ribc the electric method of determining '‘J”. ’<All.*1946) 

Art. 48. 

11. State .loule’s Law regarding the development of heat in an electrical 
circuit. Describe an experiment to verify it, lO. Q. 1927, '30, ’46 ; Pat. ’28, 

’40, ’43, ’48 ; All. ’31, ’44,‘ ’46 ; Dac. 1934 ; Of. U. P. B. 1947). 

Art. 49. 

12. Two equally long copper and silver wires are suspended from two 

supports and arc so connected that a current travelling along the copper wire 
returns along the silver. It is found that the copper wire sags. The current 
is now caused to flow along both the wires in parallel, and the silver wire 
sags. Explain fully the above effects. (Pat. 19?9) 

Hints: — H'^C^rL; The specific resistance of copper being greater 
than that of silver, the resistance of the copper is greater than that of the 
same length of the silver wire. In the first case, C is the same in both the 
wires. .*. hence the heat produced in the copper wire is greater, and so 

it sags. In the next case, the current is distributed inversely as the 
resistance, so current in the silver wire is greater, and because the 

heat produced is greater in the silver wire. Therefore it sags] . 

13. A copper wire and an iron wire are connected to an accumulator first 

in parallel and then in series. In the first case the copper wire gets red hot 
and in the second case the iron wire. Explain the facts and show how to 
compare the resistances from the rates at which the heat is developed in 
each case. (Pat. 1926, ’38 ; All. ’24) 

Hints.— (a) See answer to Q, 12. Here the specific resistance of iron is 
greater than that of copper. 

{b) If t'x and r% be the resistances of the iron and the copper wires respec- 
tively, their total . resistance when in parallel, ■■rir 2 /(rx + r 2 ) and i 22 i 

^hen in series, = ri + r2. ■'* ' Then if Ci and C2 be the 
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currents (neglecting the battery resistance) when the wires are joined in 
parallel and series respectively, — P.D. of the cell. 


6\ _7?a (ri+rg) 

C?a 

Ct®Kl_0l + »‘2)* 


Hence if and Hg be the rates at which heat' 


«developed,J;-c,*R, 


I'ii'a 




« . Thus the 

rates at which the heat is developed is inversely proportional to the combined . 
resistances of the two wires.j 

Art. 50. 


14. An incandescent lamp with crirbon filament works at 2‘5 watts under 

a voltage of 20 volts. What is the resistance of the lamp ? (C. U. 1927). 

[Ans : 160 ohms.] 

14(a). State Joule's law on the production of heat in an clecbric circuit. 

An efe^tric iron, which when hot has a resistance of 80 ohms, is used on a « 
200 volt circuit. What will be the cost of using it for 2 hours if energy costs 
.3 as per K. W. H ? (C. U. 1947). 

\Ans : 3 as.] 

15. Explain the terms Watt, Board of Trade Unit, Eflicicncy of a lamp. 

(All. 1932 ; U. P. B. 1948.) 

Calculate the amount of heat produced in 5 min. in a 20 watt lamp. 

(All. 1928.) • 

CHints.— (20 X 5 X 60/4'2 cal.] 


• 16. Define and compare (at) coulombs and amperes, (6) joules and watts. 
State how joule is rel.ated to the volt and ampere. 


Describe an experiment which illustrates the statement that one caloric 
equals 4’2 joules. (Sec also Art. 47.) (C. U. 1946) • 

Art. 52. 

17. What is a thermo-electric current ? Describe how you would ' 
demonstrate its presence. How do you explain the existence of such a current 
from the principle of conservation of energy ? (C. U. 1934) 

[Hints. — As the current is obtained at the expense of heat energy, the 
existence of thermo-current follows the principle of conservation of energy.] 


18. What is a thermo-couple ? How will you demonstrate currents 
generated in such a couple ? Give a diagram of the arrangement to be used 
by you. (All. 1928 ; C. U- ’45.) 

Art. 53. 

18. Give a brief account of a thermo-pile. 


(C. U. 1982 ; All. ’26) . 



CHAPTER VI 

Chemical Ettecta of Electric Currents 

54. Electrolysis. — When an electric current flows along a wire, 
molecules or atoms of the wire do not move from their places, but 
when a current flows through a solution of a salt or an acid, it decom- 
poses it, and the two decomposed portions tend to move in opposite 
directions. This process of decomposition is known as electrolysis, 
and the liquid which undergoes decomposition is known as an 
electrolyte. The terminals by which the current enters ^ and 

leaves the electrolyte are called elec- 
trodesy — that by which the current 
enters the electrolyte is called the 
anode — (from awa — up, and hodos — 
a way), and that by which the' current 
leaves is called the kathode (from 
kata — down^ hodos ** a way), also written 
as cathode. The liberated elements, or 
groups of elements, which move in 
opposite directions and are given off 
at the electrodes, are called ions (or 
wanderers) , those liberated at the 
anode are called anions, and those at 
the kathode are called kations. The 
Fig. 68 -Migration of Ions vessel which contains the electrolyte 

is called an electrolytic cell or a voltameter. 

Charge carried by an Ion : --Electrolysis is explained by supposing 
according to Arrhenius, that the molecules of the electrolyte break up, 
by the very act of solution, into two parts, called the tons. These ions 
are oppositely charged with equal electric charges attached to them. 
When a potential difference is set up between the electrodes by means 
of an external source of E M.F , the positively charged ions (kations) 
move towards the negative electrode (or kathode) and are electro-posi- 
tive in character. Similarly, negatively charged ions (canions) move 
towards the anode, and so the anions are electro-negative (Fig. 68). 
The movement of the ions in opposite directions between the two 
electrodes constitutes the current. 

It has been found that hydrogen and the metals are electro- 
positive in character. The electric charge carried by the ion of a 
divalent element, such as copper, is twice as great as the charge carried 
Iby the ion of a ^monovalent element, such as hydrogen or silver, and' 
are represented thus (fl^), etc. 
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All solutions of salts, acids, and bases, in water are decomposed 
by the passage of an electric current. Liquids, such as turpentine 
and some oils, which do not allow electricity to pass through them, 
^cannot he decomposed ; while there are certain other liquids (including 
mercury) which conduct electricity, but are not decomposed by it. 

55. (a) Copper Voltameter. — When copper sulphate is dissolved 
in water, some of the molecules are broken up or ionised into Cu'*"'’ 
and SO4'" ions. So when an JB7. M. F. is applied 
between two electrodes set up in the solution, the po- 
stiively charged copper ions move to the kathode and 
are^ deposited on the plate, while the negatively 
charged (SO 4) ions go to the anode where acting on 
the copper of the anode form copper sulphate which 
passes into the solution to replace that which has been 
used up Here the copper taken from the anode is 
equal in amount to the copper deposited on the kathode, 
and the* rate of deposition is a measure of the strength 
^ ^-^f the current. Hence a copper voltameter is often used 
as a current-measurer (see Art. 59.) 

Such an arrangement is called a copper voltameter. 

The measurement of^^ny given current requires considerable time, and 
this voltameter is, therefore, chiefly used in the standardisation and 
calibration of ammeters and tangent galvanometers. 

A copper voltameter (Fig. 69) consists of a glass vessel containing 
H 15 per cent, solution of copper sulphate (crystals), to each litre of 
which 5 c.c- of concentrated sulphuric acid have been added, in which 
two copper plates connected to two separate 
binding screws are dipped from a non-conducting 
support placed on the top of the vessel. . In an 
improved form of the copper voltameter, the anode 
consists of two plates of copper, electrically con- 
nected together, and the kathode is placed bet- 
ween the two anode plates, but not touching them 
as shownin Fig 69(a), where the anode is in the 
form of two thin identical copper plates A, A 
hanging one on either side of a similar copper 
plate K which serves as the kathode. A bent 
Fig. 69(a) brass or copper rod DEFG, on which the plates 

A, A are supported electrically, connects them, while another brass or ' 
copper rod /L, which is electrically insulated from the bent rod DEFO, 
supports the kathode. With this arrangement the *depoBit occurs on 
both sides of the kathode and thus the maximum area is utilised. For 
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good deposition the area of the kathode dipped in the solution should 
be such as to allow 50 sq. cm. of surface for each ampere of 
current. 

In the case of electrolysis of copper sulphate solution, the 
kathode will always be coated with the copper, but what happens at 
the anode depends upon the material of which the electrodes are made. 
If the anode is of some inert material like carbon or platinum, the SO^ 
ions will give up their charge at the anode and will act upon the 
water of the solution, forming sulphuric acid and liberating oxygen : 
thus. 


2//aO + 2 SO 4 - 2HaS04 + Oa. 

This oxygen is liberated at the anode.. This action is similar to 
the case of the electrolysis of water acidulated with sulphuric e.cid as 
described under “Water Voltameter” in (c): 



2H2 


(b) Silver Voltameter.— Similarly, in a voltameter with Aq- 
electrodes and AqNO^ solution, a certain amount of silver is deposited 
on the kathode, and (NOs) ions attack the anode ,, forming AgNOa. 

The kathode, in this case, very often consists of a 
silver, or a platinum cup, in which the solution is kept. 
Such a voltameter is used whenever more accurate 
determination of current, than is possible with other 
equipments, is necessary. The maximum limit of a 
current through it is about U’3 ampere for every 
50 sq. cms. surface of the kathode. 

^c) Water Voltameter : Electrolysis of Water or 
Dilute Sulphuric Acid. — Pure water is not a good 
conductor of electricity and so for electrolysis of water 
a dilute solution of sulphuric acid (5 c.c. of strong 
acid in 1000 c.c. of water) is used. 

The cell in which the acidulated water is taken is 
called a water voltameter, and it consists of two 
vertical graduated tubes AB and KC, united at their 
bases by the short piece AK ; the gases formed on 
the electrodes may be caught in the tubes and measured. 
It will be found that the gas evolved at the kathode 
Fig. 69 (b) the volume of that evolved at the an- 

ode in the same time. On opening the top C the gas in CE escapes, 
and if a light be applied, the escaping gas, burns showing it to 
be hydrogen. The gas in BD as it escapes will ignite a glowing 
taper or splinter of wood showing that it is oxygen. Thus hydrogen 
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is evolved at the kathode, oxygen at the anode, and the two are in the 
proportion in which they combine to form water. 

Theory. — The diluted acid dissociates as follows : IZ‘aS 04 
S 04 ,~. The hydrogen ion, on application of the electric field 
' between the two electrodes, migrates to the kathode and giving up 
its charge to it escapes as neutral hydrogen. The suphion radical 
moves to the anode and delivers its charge to it. It, being unstable, 
then undergoes a secondary reaction at the anode as follows ; 

+ [1^0*=^ O. Thus the sulphuric acid molecule returns 
to the original condition to be again dissociated as before. The 
sulphuric acid molecules are not wasted, and it is the electrolysis of 
water that really takes place in the voltameter according to the 
following equation, /JaSO^ + 7 / 20 “^^ 2 S 04 +//g + 0. So the final 
products at the kathode and the anode are hydrogen and oxygen in 
the ratio 2 : 1 by volume. In practice, however, the two gases can- 
not* be- obtained in the above ratio of volumes due to the unequal 
absorption of the gases in the solution, (li) occlusion of hydrogen in the 
. kathodef, and (in) transformation of a small quantity of oxygen 
‘"^Qto ozone. • 

The same explanation and the same equations apply to the case 
of other acid solutions in water. 

A continuous electrolysis of water yields a residue rich in heavy 
hydrogen or deuterium, which is an isotope of ordinary hydrogen 
having an atomic mass twice as much as that of a proton but carry- 
ing the same charge (vide Chapter IX) as that of the proton. Urey used 
IJhis fractional electrolysis of water to isolate heavy hydrogen. 

Some Terms 

The chemical equivalent of an element is numerically equal , to the 
atomic weight divided by its vaiency, and it is this weight which will 
* combine with, or replace, one part by weight of hydrogen. 

In electrolysis, it is also found that metals and hydrogen, which 
always travel with the current and go to the kathode, are called elec- 
tro-positive, while the acid particles and non-metals, which travel 
against the current and go to the anode, are called electro-negative. 
Pure water does not conduct electricity, but it is difficult to get water 
without traces of some salt or acid dissolved in it ; so ordinary water 
is generally a conductor. 

The valency of an element is given by the number of hydrogen 
atoms which will combine with, or are replaced by, one atom of 
the element. 

' ' 28 (II) 
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A gram-equivalent of a substanoe is the quantity in grams equal 
to its chemical equivalent. 

The atomic weight of silver is 108 and its valency is 1, so the 
chemical equivalent of silver is 108. and the gram-equivalent of silver 
is 108 grams. 

56. Faraday's Laws of Electrolysis. — The facts of electrolysis 
are given by Faraday in the following laws. : — 

(z) The mass {W) of an ion liberated at an electrode is proportional 
to the quantity of electricity Q, which is passed, i.e to the product of 
the strength of the current 0 and the time t during which it flows. 
That is Wo^Qo^iC^t). 

(a) If the same quantity of electricity passes through several elec- 

trolytes^ the masses of ions liberated are proportional to their chemical 
equivalents (m). That is, m. 

Verification. — The laws can be verified as follows. — , - - 

A* current from a battery 
is passed through three electro* 
lytic'cells in series one contain- 
ing a solution of copper sulphate 
with Cu electrodes, the second 
a solution of silver nitrate 
{AgNOs) 'Ujith silver electrodes, 
and the third containing acidu- 
lated water with platinum elec- 
trodes (Fig. 70). 

1. (a) Let the current pass 
through the electrolyte for a 
period t^ ; then determine the weight of copper deposited on the 
kathode of the copper volta meter, which was previously weighed. 
Eepeat the experiment by passing the same current for another 
interval tg and determine theweight TTg of copper deposited, then 
it will be found that, 

; i.e. W°^t, when C is constant ... ... (l) 

TVa t^ 

(b) Next repeat the experiment by keeping the time interval the 
same, but alter the strength of the current (C) by means of the rheostat. 
Determine the amount of deposit on the kathode for each value of the 
current and let them be Ws and W^, the corresponding currents being 
Cx and Cg respectively, then it will be found that, 

^ I ^^on ^ is constant ... ... (2) 


j— 




CuSO. AgNO, HtSO. 

Fig, 70 — Electrolysis 
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Then from (1) and {2\ we have, TF« Gt, 

2. All the kathode plates of the different cells are first cleaned, 
dried and then weighed. To collect hydrogen, a graduated tube filled 
' with water is inverted over the negative terminal of the water-volta- 
meter. Pass a suitable current for some time and as usual find out 
the masses deposited on the plates. To find the mass of 11^ evolved, 
the volume of hydrogen collected is reduced to normal temperature 
and pressure and then multiplied by the density at N.T.P. It will be 
found that the masses liberated (TTi, and W^) will be related to the 
•chemical equivalents (mi, and m^) of the elements as follows. — 

, • TFa : IFs : • mi . mjj • m3. 

That is, when C and t are constant. 

57. Electro-Chemical Equivalent. — From Faraday’s laws of eleo- 
trqlysjs, Ct ; or ZGt^ where is a constant for an element. 
This cdnstant is called the Electro-Chemical-EquivalenfT {E.G.E) of the 
element. From this it follows that, ^'The electro-chemical equivalent 
(E, G, E.) of an element ts the umqht of it in qrams which is deposited 

the passage of one foulomb of electricity, i.e. by one ampere for 
one second." ^ 

Relatioli between E. C. E.’s of Elements. 

If Wa and Wb be the masses of two elements A and B, of E.O.E, 
^iven by Za, Zb, liberated by the same current in the same time, 

Win “ Za» G. t, ... ... ••• (1) 

* ( 2 ) 

w z 

From (1) and (2), ““ But from Faraday's second law of 

Wb 

electrolysisi 

TFa^ Ch emical E g. of A, (ma) 

Wh Chemical Eq. of B, (mb Y 
. Za ma Chemical Eq. of A 

"Zb mb Chemical Eq. of B* 

The E.C.B. of silver is O'OOlllS gm. per coulomb : of hydrogen, 
0'00001044 gm. per coulomb. Knowing the value of E.C.E. of one ele- 
ment, the E. C. E. of the other elements can be obtained from the 
knowledge of the chemical equivalents of the elements. Thus, the 
chemical equivalent of silver being 108, its E.C.E. ■■ 108 ^ 0*00001044. 
*0*00112 gm. per coulomb, since the chemical* equivalent of 
is unity. 
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Since 0001118 gram of silver is deposifced by 1 coulomb of 
electricity, 108/0'001118, i.e. 96600 coulombs are required to deposit 
108 gms. of silver. This same quantity will also deposit one gram- 
equivalent of any other monovalent substance 

A table is given below of the E. C. E. of some cobimon elements : — 


Element 

Atomic weight 

Valency 

E. C. E. 

in grams per coulomb 

K lectro 'positive 
Copper 

63 '5 

2 

0 000329 

Hydrogen 

1008 

1 

000001044 

Silver 

1080 

1 

0‘001118 

Electro-negative ; 
Oxygen 

160 ] 

1 

? 

• 

0-0000829 

Chlorine 

; 35'5 1 

1^ 

000036 


68. Weight of Ion deposited. — From the Orst law we have, 
WocCt. 

where weight of an ion deposited in grams ; 

C“ current in amperes ; i = time in seconds. 

or W ” ZCt, whore is a constant. By putting C= 1, and t^=ly 
Z becomes numerically equal to W — the weight of ion deposited by 1 
coulomb of electricity and in this case the weight of the ion {Z) is 
called the electro-chemical equivalent of that particular element. 

(a) Charge on an Ion. — According to the modern theory, 
also supported by conclusive experiments, the atoms themselves are 
the carriers of electricity, and the charge carried by a positive ion of 
each monovalent substance like hydrogen, silver, sodium, etc., is of 
exactly the same magnitude as the free negative charge, called 
“electron *, which is the natural unit of electricity. 

It has been already stated that the passage of 96600 coulombs will 
liberate one gram -equivalent of any monovalent substance. Then, if 
be the number of atoms in one gram-equivalent of a monovalent 
substance and e the charge carried by each atom (ion) in electrolysis, 
we have ne 96600 coulombs. 

But the number n is constant for all substances and its mean 
value is 6'16 x 10‘”. Hence the charge carried by each monovalent 
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coulombs -47x10“^® B. S. U. So 

" this charge is associated with an electron. 

Since the gram- equivalent of a diavalent substance contains half the 
number of atoms stated above, the charge carried by ea>ch divalent ion 
is twice that carried by each monovalent ion. 

The two terms ion and electron should ho distinguished hy remem- 
bering that the ion is the material atom carrying the charge and the 

electron is the charge itself without the atom. 

Example. — A curretil of 5 amperes is passed for 5 hours through three volta- 
meters arranged in series containing sobiiions of copper sulphate, silver nitrate, and 
sulphuric acid. Calculate the masses of silver, copper, and hydrogen obtained, given 
that K. C. K. of silver ^ O' 00 It 18 qm Icoulomh ; at. wt. of silvers* t07'88 ; at. wt. of 
copper r OS' C}? , and at. wt. of hydrogen J'008. ^ {Pat. 1944) 

The totnl quantity of clectrieity passed in 5 lioiirs, or (5 X 60x60) seconds 
= 5 X 5 X 60 X 60 = 90,000 coulonibs. 

(1 coiilouil) is the quantify convoyed by 1 amp. in 1 sec.) 

1 coulomb liberates O’OOlllB gin. of silver. 

90000 colurnbus will liberate (0*001118 x 90000) gin. = 100*62 gni. of silver. 

Ill this case, by the second law, the masses of liberated ions are propor- 
tional to their chemical equivalents. 

. Mass of hydrogen = (100*62 X 1 ’008)/! 07*88 ■■0’94 gm. 

Mass of copper= (100*62 X 63’57)/(2 X 107*88) (copper being divalent) 
^29*65 gnis. 

59. Measurement of Current by Voltameters. — From the 
relation, W^ZCt, the strength of a current C can be calculated by 
knowing W, Z, and t. For the purpose of measuring current strength, 
a copper voltameter is conveniently used. Before dipping the kathode 
in the solution it should be carefully cleaned, dried, and then accurate- 
ly weighed in a good balance. Current is then passed for a known 
time, after which the kathode is taken out, carefully washed with 
distilled water, and dried in air. Now, by weighing the kathode the 
weight of copper deposited will be known ; so the current strength 
can he calculated by knowing t, and Z of copper. 

59(a). Reduction Factor of Tangent Galvanometer. — 

Expt. — A circuit is made of a copper voltameter V, a battery B, 
an adjustable resistance E, and a tangent galvanometer (T. G.) with a 
commutator C, all conneoted in series (Fig. 71). • By adjusting the 
resistance E the needle of the galvanometer is brought as near to 45^ 
as possible. The kathode is then taken out. cleaned, dried, and then 
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woighed accurately in a good balance. It is then put in its position 
g in the voltameter and a current 

i . I ^ is passed for a known time t seconds. 

^ I * I For a good deposjt, the maximum 

1 limit to the current strength is / 

I J j ampere for every 50 sq, cms, of the 

I S ' +, , kathode surface. With larger currents 

^ — _~-T— . 7 iihe deposits fall down being feathery. 

V The current (through the galvano- 

^ vj* V meter only) should be reversed, when 

one half of the time occupied by 
Fig. 71 the experiment has passed, and the 

mean of the four readings (readings for both ends of the pointer each 
time) is taken as deflection 0. The kathode is then removed, washed, 
dried, cooled ^nd finally weighed in a delicate balance and thus the 
mass of copper deposited is found. Then from the relation C (amp.) =* 
lOK tan 0, the reduction factor K is calculated. The value of C is 
calculated from the relation W= ZGt, where fF is the mass of copper 
deposited on the kathode of the voltameter. Thus, 


(ampere) ; or 10 X tan e • 


- _F _ 

lO'i^ tan 0 ’ 


N. B. The above method may be used to determine the E.C E. of 
W 

Copper. Hero . Knowing the reduction factor 

10 Kt, tand • 

IF, t^ and 0 being found from the experiment, Z for copper may bo 
calculated. 

Examples. — 1. hi order to test the readings of an ammeter it was connected in 
series iviih a silver voltameter ^ and a steady current was passed through the two for 
one hour. The ammeter indicated O' 26 ampere, and V 0062 gm. of silver was depo- 
sited. Was the ammeter reading correct ? If not, what was the error ? [E. C. E. 
of silver O' 001118\ (Pat. 1920} 

From the relation, lV=ZCi (Art. 58) ; C’^WlZt (ampere). 

C-* 1*0062/(0'001118 X 3600) = 0*25 ampere. 

Hence the reading indicated by the ammeter is wrong, and the error is 
0'26- 0'25"”0'01 ampere. [This example illustrates a method of calibrating 
an ammeter (see Art. 42)] . 

2. A circuit consists of a solution of silver salt and a coil of wire of resistance 20 
ohms immersed in an oil hath %n series. Constant current flows for 10 seconds and 
deposits 0'0279 grm. of silver. Calculate how much heat energy is developed in the 
oil both. {E. C. E. of^silver=>0'00ill83 gr.lcoulomh„) (Pat. 1922} 


From the relation W=ZCt, we have C 


0*0279 

•OOniSS X 10 


2*49 ampere. 
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The amount of energy developed = ergs (when C and r are expressed in 
C. G. 8. units) = C*rf x 10^ ergs, when C and r are expressed in practical units 


- (2‘49)® X 20 X 10 X 10’ = 1240 x 10’ ergs. 


The amount of heat energy in calories ^ 


C*WxlO’ 1240X10’ 


./ 


4-2x10-^ 


3. A current is passed for 30 minutes throuqh a silver voltameter in series usUh 
a tangent galvanometer of one turn and diameter 40 erns. The deflection of the 
galvanometer is 45°, and 2' 313 gms. of silver are deposited. What value does this 
give for the E C. E. of silver ? (II -O' 36). (Pat. 1924) 


rTT 

From — tan 9 (Art. 23), C 

m 2ir ti 


20x0-36 , 

“2X 3-1416x1-^ 


0’3 

0‘2618 


G.G.S. units. 


Again, we have, W^CXt ; or 2*312 = 


^'o^’2618 ^ ^ ^ ^ ’ whence 


•Z^^'00ll2 gni. per coulomb (for here C should be taken in amperes). 

4. Calculate the electro-chemical equivalent of hydrogen, given that 1 ampere 
d^osits O' 65 grm. of copper from a solution of copper sulphate in 33 min. (Atomic wt. 
i of copper = 63 ; valenoy = 2). ^ [Pat. 1938), 

As above, 0 65 = x 1 x (33 x 60) ; 

^ oo X oO 

Chemical eq. of co?>per* ^ ; But E. C. E. of oopper = V^E* 0. E. of 

, j ^ 0’66 63 n e 

hydrogen. Or 60 “ ^ ^ 


From this, E. C. E. of 0*00001042 per coulomb. 

* 5 If 96,500 coulombs of electricity liberate one gramme equivalent of any subs- 

tance, how long will it take for a current of O' 15 ampere to deposit 20 milligrammes 
of copper from a solution of copper sulphate f [Atomic weight of copper » 64] (Pat. 1926) 

The gram equivalent of a substance is the quantity in grams equal to its 
chemical equivalent, and chemical equivalent = atomic wt. valency 

The atomic weight of copper is 64 and its valency in copper sulphate is 2. 

Chemical equivalent of copper"* V* gram equivalent ■■82 

gms. Again, 96500 coulombs liberated 32 gins, of copper ; 

96500 

.’. 20 mgms. or O'OSLgm. will be liberated by— - - x 0‘02 coulombs. 

Oa 


Now if t seconds be the time required by 0'15 ampere to deposit 0‘02 gin., 
we have, 0'16 ampere flowing for t secs,, i.e. (0‘16 x t) coulombs 


96500 

32 


X 0*02 coluombs ; whence min. 42 secs. 


6. Two copper plates are immersed in a solution of ^copper sulphate, amd 
a current is passed through them and a tangent galvanometer. The deflection 
of the galvanometer is 45^, and after an hour it is found that 216 milligrams 
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of copper have been deposited on one plate. Having given that a current of 1 
ampere deposits lfJ'& milligrams of copper per minute^ deduce the reduction 
factor of the galvanometer, (Pat, 1919) 

T ampere deposits 19*8 mg. of copper per minute ; 

19*8 ^ • 

1000 X 60 P®** ’ 

19*8 

E. C. E. of copper— " - *= 0*00033 gm. per coulomb, 

luu X oy 

We know, that W^ZCt (1). Again, if d be the galvanometer deflec- 

tion and K the reduction factor of the galvanometer, C (in amp.) — 10 K tan 0 


or. A'- 


10 tan 0 Zt'3< 10 tan 0' 

216/100 


.from (1) 


0-00083 X 60 X 60 X FO X 1 “ 


60. Storage Cells (or Accumulators). — Due to the back R M.'F. 
of polarisation in a cell, reverse current can be obtained and this is 

utilised in storage cells ; such cells may 
be considered as^ voltameters in which 
chemical electrolysis is first produced by 
the passage of current from *a battery, and 
this gives rise to a P. D. between the two 
electrodes of the voltameter, which is 
afterwards used as a cell after disconnecting 
the battery. 

It two lead plates are immersed in® 
dilute' sulphuric acid and an electric 
current from a battery is passed through 
the acid, hydrogen bubbles are deposited on 
the plate at which the current leaves the 

Fig. 72— Accumulator. solution (kathode), and oxygen on the plate 

where the current enters (anode) forming 
lead peroxide (PhO^)- After this, the current in the solution decreases 
due to the polarisation efifoct. If the battery is now removed, and the 
two lead plates are joined together by a wire,. a current will flow in 
the opposite direction [see Art. 4(ii)]. The original current from the 
battery turned one of the plates into a plate of lead peroxide ; so after 
stopping the current of the charging battery, when the plate of lead 
and the newly formed plate of lead peroxide, dipped in dilute sulphuric 
acid, are joined by a wire, we get a current, which is really the 
polarisation current. The arrangement after charging is like that of a 

•Note— It should be noted that sulphuric acid without water is not an 
electrolyte. The electrolysis takes place only in a very dilute solution. 
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voltaic cell of two dissimilar metals dipped in aa acid. The cell works 
until the peroxide is used up, when the cell is said to be discharged ; 
after which a fresh charge should be given to get the original state. 
The cell is called a secondary cell, as it is the secondary or the 
reverse current which is really taken from the cell. It is also called a 
-storage cell or accumulator. It must not be thouglit that there is 
really an accumulation or storage of electricity. It is the chemical 
energy which is stored, and not electricity. 

In the modern form of secondary cells, the lead plates are replaced 
by lead grids, the interstices iFig. 72(a)] of which 
are .filled up with litharge, i.e. lead monoxide 
(PhO). In some cells red lead {Ph^Oj is packed 
in the grids of the positive plate and litharge in 
those of the negative. After charging, the 
intCl’stiops in the positive plate are oxidised to 
lead peroxide (P 6 O 2 ), and in the negative reduced 
to spongy lead. Before charging, litharge and 
Vie acid react forming PbShOs, in both the plates 
as follows : — 

• , PbO + TI^.SO^-^PhSO^'^II^O, 

And during chargfihg, the following chemical action takes place — 

At the positive plate : PbSO^ + 0 + //gO ** PbO^ + 

At the negative plate : PbSOi, ^ Ph + II^SO^. 

So on charging, the specific gravity of the acid increases owing to 
e formation of acid molecules. 

During the discharge, i.e. when the cell is giving a current, hydro- 
gen is set free at the positive peroxide [PhO 2 ) plate and the following 
chemical action takes place — 

Pb 02 + //a + H^SO^ = P6SO4 + 27/2 0. 

At the negative lead plate, oxygen is set free and the following 
action takes place — 

Pi + 0 + ff 2 *S04 = PbSO^ + H 2 0. 

Thus during the discharge, water is set free and the specific gravity 
of the acid is lowered, the E. M. F. of the cell falling at the same time. 

The internal resistance of the cell is considerably reduced by the use 
of large plates placed close together and using a series of plates 
parallel to each other connected alternately to two electrodes which 
end in two binding screws. Insulating separators are kept between 
the plates so that the plates may be placed close .together without 
touching. The cell was originally due to Plante but subsequently 
.modified by Faure. 
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A Few Facts about Accumulators. — The specific gravity of the 
acid should be l';3 when fully charged. It falls during discharge, but 
it should not be allowed to fall below 1‘18. 

The voltage of a fully-charged accumulator is 2'2r which should bo" 
steady at 2 volts during discharge The voltage should not be allowed 
to fall below 1*8, after which the cell should be recharged. 

Resistance. — Tho internal resistance of the accumulators is very 
small — from injth to y^uth of an ohm. For this reason when the cell 
is short-circuited, i e, the two poles are joined together without any 
external resistance, enormous current will flow inside the cell (see 
Art. 31) and the heat generated by current will damage the cell. * 

Thus, suppose that the internal resistance of a cell is 0 01 ohm and 
the terminals are joined by a piece of wire whose resistance is negli- 
gible, then the current becomes 1/0 01 = 200 amperes. The curjrent 
being very hfgh, so much heat will be generated that thb* plates- 
will expand and break away from the grids. « 

Caution. — The two terminals of an aqpumulator must never be ^ 
short-circuited by connecting them by a good conductor, say a connect- 
ing wire. Distilled water must be added from time to time to make 
up the water lost by evaporation during action of the cell. 

Tho capacity of an accumulator is expressed in ampere-hours. 
Thus a coll of capacity 30 amp.-hr. with a maximum discharging rate 
of 0'5 amp. can give a current of 0'5 amp. for 60 hours, or 0'25 amp. 
for 120 hours and so on. ^ 

Alkali-Cell (Edlsion Cell or Ni-Fe Cell. — This cell consists of a 
.Ni-plated iron container filled with solution. The positive plate 

is formed by M-plated perforated iron-tubes filled with M-flakes and 
hydrated nickel oxide while the negative plate consists of nickel-plated 
perforated iron pockets filled with iron-oxide During charging, current 
from an external source is passed from the nickel oxide plate to the 
iron-oxide plate, when the positive plate is covered with Ni^O^. During 
discharge, Ni^Oa reduced to NiO and Fe is oxidised to FeO. 
Zn or Cd plate in place of Fe makes the cell more efficient. The 
maximum voltage of the ceil is 1'25 volts and a large current may be 
drawn from it. 

Lead and Alkali Cells Compared. — Both of them after discharge 
may be recharged over and over again. 

An alkali cell is only half as heavy as a lead cell of the same amp- 
hour capacity, but its efficiency is somewhat less. The lead cell may 
be easily damaged but the life* of an Edison Cell is much larger. It is 
mechanically stronger and cknnot be easily injured by rapid charging \ 
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or dischargiDg. When discharged too much, the lead cell sulphates 
and may be permanently out of use, hut the alkali cell, even when 
completely discharged may be recharged. 

Uses of Storage Cells. — They are extensively used for laboratory 
purposes, including high and low tension work in wireless, in 
automobiles to supply current to, the horn, the self-starter, the light, 
and the ignition system. They are used in train lighting systems. 
In power stations, they are used to act as stand-by, as also supple- 
mentary to dynamos. They are used in telephone and telegraph 
systems, in calling bells, burglar alarms, electric- clock systems, etc. 
In some countries, they are also used by the farmers in non-electrilied 
areas for lighting purposes, the charging of the cells being carried by 
small dynamos run by gasolene engines. 

61. Applications of Electrolysis. — There are several industriaL 
applicaiilins of electrolysis of which a few cases are given* below : — 

(a) Electro-plating — The process of depositing a layer of a metal, 
%.^h a gold, silver, nickel^ on any object by electrolytic method, is 
known as electro-plating. It takes place in a vessel containing a 
solution of a sa4 of the substance (say, silver or nickel) which is 
to be deposited, an4. in which the anode consists of a rod of the 
metal (say, silver or nickel), and kathode forms the object which 
should be electro- plated. 

In the case of nickel-plating, the electrolyte used is a solution of 

3 ’okel sulphate in ammonium sulphate, and, in the case of silver- 
ating, a solution of silver nitrate or silver cyanide in potassium 
cyanide is used. 

As soon as a current passes, the solution is decomposed, and the 
metallic ion is deposited on the object forming the kathode. The metal 
rod at the anode is dissolved by the current to keep up the conefentra- 
iion of the solution. Before introducing in the bath, the object should 
be carefully cleaned in order to be perfectly free from dirt and grease. 

In order that the deposition may bo hard, durable, and of the usual 
colour, the current used in electro- plating must be small. 

In Electro-guildlng, gold is deposited on the kathode by using 
ordinarily a solution of gold cyanide in potassium cyanide. 

QalvaDizing Iron — Zinc is deposited on iron sheets by electro- 
lytic process in order to prevent it from rusting. 

(b) Electro-typing. — It is a process of securing exact copies of 
types, medals, coins, etc. For this purpose a mould of the object 
is first obtained in wax or plaster of Paris, the surface of which is 
V treated with graphite in order to render it conducting. It is then- 
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placed as the kathode in an electrolytic bath of copper sulphate 
solution to receive a sufficiently thick coating of copper by passing 
a current through the solution. The mould is then taken out of the 
bath. The surface of the deposited sheet facing the mould gives an 
sxact reproduction of the object. 

(c) Production of Pure Metals.— Electrolytic methods are 
adopted for the purification of metals, such as copper, silver, and gold. 
This is done by making the impure copper the anode in a bath of 
copper sulphate, and the pure copper is deposited electrically on the 
kathode. Similar process is adopted for other metals. 

The cheapness of aluminium articles is solely due to the electro- 
lytic process of refining by dissolving aluminium oxide (i^ZgOs) in a 
bath of molten cryolite (AlEs.SNaF), found largely in Greenland. 


Example . — A spoon having an area of 20 ftq. jnm. is fo he coated wipi Hlver 
to a IhicknesH of O' 01 'mm. If a current of O'h') amp. is used, cactulate the 
time, for which it ‘must flow. {K.C. P], of silver is O'OOJllH tjm. per coulomb ; 
density of silver is lO'o (jm. per c.c. (Pat. 19i0) 


a 

c.c. 


20 1 

Volume of silver deposited- 

20 1 21 
= 100 1000 ^ 10000 
21 

From the relation W^^ZCt, . _ =0'001H8 x 0’15 x / ; 

10000 


whence / = 1 2’52 seconds. 




62. Uses of Electrolysis. — From what has been considered 
above electrolysis is seen to be valuable for (a) ascertaining the 
constituents of chemical compounds in liquid forms, for which the 
principle applied in Art. 54 is applied ; (h) measuring the strength of a 
current (see Art. 59), and determining E.C.E. of elements, and calibra- 
ting an ammeter ; (c) electro -plating (Art. 61) ; (d) electro-typing (Art. 
^l) ; {e) purification of metals (Art. 61). 


Questions 

Arts. 54, 55 & 56. 

1. Explain clearly how you would find experimentally the ratio of the 
electro-chemical equivalents of hydrogen and copper. 

(C. U. 1930 ; All, ’30 ; Pat. ’42) 
[Hints — Pass the same current for the same time through a copper 
voltameter and a water voltameter. Observe increase in weight of the copper 
kathode and also determine the weight of hydrogen liberated at the kathode 
by measuring its volume and reducing it to N. T. P. (1 litre of H at N. T. P- 
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weighs 0 089 gm.) Then by Faraday’s second law, the ratio of the weights- 
of Cii and H is as that of their electro- chemical equivalents.] 

2. Describe a water voltameter and explain how you would use it for the 

verification of the laws of electrolysis. (0. U. 1916) 

3. State Faraday’s laws of electrolysis and explain how you can verify 
them with the help of a copper voltameter. Discuss the steps in the process 
and state what precautions are to be taken to ensure good results. 

(C. U. 1944> 

4. Two plates of zinc are iinincrsed in a solution of zinc sulphate and 

connected to the terminals of a voltaic battery. Describe and ex])lain brictiy 
the elTects observed on the two plates. (C. U. 1917) 

Tk. Explain the terms — electrolyte, electrodes, kathode, anode, ions. 

A current is passed through three electrolytic cells, the first containing 
dilute sulphuric acid with platinum electrodes, the other two containing a 
saturated solution of copper sulphate with platimnn electrodes in one cell 
and ^oi>i^r electrodes in the other. State what occurs at each (dcctrode. 

(r^. U. 1924, ’28.) 

6. Describe an arrangeuieiit for obtaining oxygiiii bv the decomposition of 

’ »’ater. Point out the most important dilTerence between electrical conduction 
in metals and in solutions. (C. U. 1920) 

[Hints —For tlm first part sec Art. 55. Decomposition takes place in a 
solution due to electric w,'3oiiduction. while in a metal no decomposition takes 
place.] 

7. How would you determine which is the jiositivc and which is the 

negative' terminal of a voltaic battery by {a) the magnetic ellects, and (5) the 
electro- chemical effects of currents. (All. 1925) 

[(rf) Art. 9 : (5) Art. 55 1. 

8. Without measuring currents by means of their magnetic force Faraday 

was able to prove experimentally that the amount of chemical action 
occurring in an etectrolytic coll is proportional to the quantity of electricity 
passing through it. Show how this can be done. (Pat. 1926) 

9. State the laws of electrolysis and describe experiments to verify them. 

(O.U. 1917, ’40, ’44 ; Pat. 1936, ’38, ’42, ’44, ’49 ; Dac. 1927 ; All.’ ’27, ’46) 

Art. 57, 

10. What do you understand by the electro- chemical equivalent of an- 

element ? (Bora. 1930 ; Pat. 1929, ’30, ’33, ’38, ’42 ; Cal. ’49) 

Arts. 58 & 59. 

11. State the laws of electrolysis and show how they may be applied to 

measure the strength of an electric current. (Pat. 1937, ’47 ; C.U. 1937) 

11(a). State and explain Farady’s laws of electrolysis. How may the 
strength of an electric current be measured by means of a* copper voltameter ?* 

(Utkal 1947). 
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12. What is the amount of charge carried by a monovalent atom in the 
process of electrolysis. (C. U. 1944) 

[Nee Art. 58(<i)]. 

18. A metal plate, having a total surface area o# 800 sq. cm., is to bo 
nickel -plated. If a current of 1*5 amp. is used for 8 hours, find the thickness 
of nickel deposited on the plate. [Density of nickel = 8‘8 gm. per c.c. E. 0. E. 
of nickel ■■ 0*000804 gm. per coulomb.] (Pat. 1942) 

[Ans : ]-87xl0-3 cm.] 

18(a). A copper voltameter is connected in series with a battery and a 
standard 2 ohm coil. The current is passed through 80 minutes and the 
increase in weight of the cathode is 1'476 gm. The mean reading of a volt- 
meter connected across the 2 ohm coil is 5 volts. Determine the E. G. E. of 
copper. (0. D.1949) 

[Ann : 0*000828.] 

14. Three copper voltameters in parallel are connected to the ^hds' of a 

battery with resistance. If after 80 minutes the deposits are 0*768, 0*742, 
and 0*785 gms. respectively, find the strength of the current drawn ’from the. 
battery (E. C. E. of copper is 0*0003998 gm./cou’ omb.) (Pat. 1930) 

[An9 : 3*862 amp.] 

15. A tangent galvanometer has a current passed through it which 
produces a deflection of 45®. The same current passes through a copper 
voltameter, where it deposits 0*8 gm. of copper in 80 minutes. If the E.C.E. 
of copper be 0*00038 gm./amp. sec. find the value of the current, and show 
how to determine the current for any other reading of the galvanometer. 

{Ana : 0'505 amp.] (Pat. 19S1) 

[Hints.— When 9 is 45®, current C = A", so X is known for the galvanometer 
and thus current for any other deflection will be known]. 

15(a). A battery sends a current througli a tangent galvanometer which it 
deflects through 2®, a voltameter in which it evolves 10 c.c. of hydrogen in a 
certain time and a coil in a calorimeter in which the thermometer rises 
0*8°C., all the instruments being in series. If the current be made 5 times as 
great, describe and explain the effect of the increased current on the three 
instruments. 

16. The coil of a Tangent Galvanometer having 10 turns and radius 5 cms. 
is placed in series with a copper voltameter. If the deflection is 60® and 

0*36, calculate the weight of copper deposited in 80 minutes. [Electro- 
chemical equivalent of Hydrogen » 0*00001045 and atomic weight of copper 
(divalent) *= 68*57]. (Pat. 1984) 

{Ana : 0*296 gm.] 

17. Describe an experiment to determine the electro-chemical equivalent 

-of copper. (Pat. 1940) 
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18. Calculate the strength of the current that is to be sent for an hour 
through an electrolytic cell containing silver nitrate solution for depositing 
C’805 gm. of silver on the cathode. (E.O.E. of silver** O'OOl 18 gm. per coulomb. 

^ [Ans : 0'2 ampere.] (C. U. 1948) 

19. Describe a copper voltameter and explain how with the help of such 

a voltameter, the reduction factor of a Tangent Galvanometer can be 
'determined. (Pat. 1944) 

20. In an experiment the weight of silver deposited was 1'372 gram in 45 
minutes. The deflection of the galvanometer needle was 80^ Draw a 
'diagram showing the necessary connections, and And the reduction factor 
(E./3. E. of silver = 0*00112 grn. per coulomb) 

1*372 

[Ans : Kr 0 00112 x (45 x 60) x fo xi/^8 “ ® 

21., Explain carefully how you would use a tangent galvanometer to 
measurc^an electric current. Deduce any expression you use. • (Pat. 1949) 

^rt. 60.* 

'' • 22. Describe the action%nd working of a lead accumulator. 

(Pat. 1926 ; Cf. All. ’29 ; C. U. ’33, ’45) 

• 

23. Describe and explain the principle of action of a storage cell. 

(Pat. 1947 ; U. P. B. 1948) 

Art. 61. 

24. Briefly explain the process of electro-plating. (All. 1920) 

• 25. Describe, with a neat diagram, the arrangement for having a uniform 

•coat of silver on brass spoons. (Pat. 1932) 

26. How will you proceed to deposit silver on a copper vessel. Find the 
■strength of the current which will deposit 2 gm. of silver in 2 min. . 

[Ans 1*49 amp.] (Ali. 1981) 

27. A piece of metal weighing 2000 gms. is to be electro-plated with 2^ 
per cent, of its weight in gold. If the current strength is 1 ampere and the 
electro-chemical equivalent of gold is 0*0006808 grammes per coulomb, how 
long will it take to deposit the required weight of gold ? (Pat. 1926 ; All. ’27) 

[Ans : 2 h. 2 m. 24 s.] 

Art. 62. 

28. State and explain Faraday’s laws of electrolysis and point out three 

applications of the phenomenon of electrolysis. (Utkal. 1948) 



CHAPTER VII 


Electro-magnetic Induction 

» 

63. Induced Currents : Faraday’s Experiments. — It has already 
been found that a magnetic field is produced in the space surrounding 
a wire carrying a current. In 1831 Faraday showed that a moment- 
ary electric current can also be set up in a closed coil of wire 
by only moving it near a magnet or in any other magnetic field ; 
and a current can also be produced if a magnet be moved near 
the coil. No mirrent will, however, be produced so long as there 
is no relative motion between the two, namely the magnetic field and a 
conductor. The momentary current thus produced is called induced 
current aud the phenomenon is called electro-magnetic induction. 

il) Currents induced by Currents — Two cylindrical coils of 
insulated wire are taken, one of which having a large number 6T turns 
is connected with a sensitive galvanometer* G (Fig. 73) ; and the other, 
which can easily be introduced into the hollow of the first, is connected 
with a battery, a variable resistance B and a key. The former, which is 
connected to the galvanometer, is called the secondary circuit and the 
latter which contains the battery the primary circuit. 

First connect a cell with a suitable high resistance m the secondary 

circuit and notice th& 
direction of deflection 
of the galvanometei; 
Trace the direction of 
the current in the coil 
knowing the polarities 
of the cell. Thus the 
direction of the cur- 
rent is indentified with 
the deflection in the 
galvanometer. 

(a) After putting 
the primary coil in- 
side the se condary,. 

Fig. 73 if the key in the pri- 

mary is pressed down,. 

a sudden deflection is observed in the galvanometer. It is found that the 
direction of this instantaneous current is opposite to that passing in the 
primary. When the primary circuit is broken by disconneoting the key^ 
the galvanometer is again deflected, but in the opposite direction. This 




CURRENT ELECTRICITY 


449 


time the direction of the instantaneous current through the secondary 
is the same as that passing in the primary. The induced current 
is only momentary and exists only while the change in the primary 
' is made. 

(b) Similarly, when the current strength of the primary circuit 
is increased, by decreasing the resistance, or the primary coil is 
thrust more and more into the secondary, an instantaneous inverse 
[i.e. in the opposite direction to that in the primary) current is produ- 
ced in the secondary ; and when the current strength of the primary 
is diminished, or the primary coil is removed to a greater distance, an 
instantaneous direct (i.e. in the same direction as that in the primary) 
current is produced in the secondary. 

In the above experiments the strength of the in:iuced E. M. P. 
(and henco the current) is greatly increased by keeping a bundle of soft 
iron '^ires inside the primary coil. In this case, increased deflections 
will be obtained on making or breaking the primary circuit. This is 
due to the high permeability of iron owing to which the change in the 
number of lines of foAe is increased by the introduction of the soft 
iron wires. 

• 

Explanation of Induced Current from Lines of force. — Pig. 74 
gives a vivid picture of the simple facts of electro-magnetic induc- 
tion stated above. The ‘primary* and the ‘secondary’ circuits are 
represented as two parallel straight wires, AB and CD, where AB is the 
^‘primary’ and CD the ‘secondary*. 

As soon as the primary circuit is 
closed, current passes in the direc- 
tion from A to B, and a number of 
circular magnetic lines of force 
concentric with AB is established, 
whose direction is clock-wise, when 
viewed from the end A. During 
establishment some of these lines 
cut through the secondary CD and 
thus start up a momentary current 
in the secondary in a direction so as 
to oppose the sudden appearance 
of these magnetic lines, by setting up lines of force in CD in the 
anti-clockwise direction when looked at from the end C. So the 
direction of the current in CD must be from D to C. If the current 
in the primary is increased, an exactly similar effect is produced, but 
the effect is due to the additional lines of force due to increased 
current. 

29 (II) 



Fig. 74 
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On ‘breaking’ the circuit in AB, the lines of force shrink up in 
both AB anrl CD ; in CD an induced current is set up which tends 
to maintain the original field during the time of disappearance of 
the lines of force ; thus the direction of the induced durrent this time 
in CD must be from C to D in order that the lines of force may be 
in the clockwise direction so as to maintain the original field. If the 
current in the primary is decreased, or the primary circuit removed 
to a greater distance from the secondary, a similar effect is produced, 
but the effect is due to the decrement of lines of force linked up 
with the secondary. 


(2) Current Induced by Magnets. — Similar effects as un 
'currents induced by currents" are observed by using a bar-magnet, 

instead of the primary 
coil (vide Fig. 75). The 
direction of the turret 
induced in the coil is 
determined as in Art. 
G3 (1). 

(a) When the north 
pole of the magnet is 
brought near the secondary, i,e, the coil of wire in this case, a tem- 
porary current is induced in the coil which flows in such a direction 
(anti -clockwise) that the near end of the coil acquires also north 
polarity [Fig. 75 (a)]. 



Fig. 75 (a) 



When the north pole of the magnet approaches the coil, more and^ 
more lines of force of the magnet will embrace the coil and the induced 
current developed in the coil will be such as to oppose this increase 
or, in other words, the front face of the circuit will acquire similar 
polarity, i, e. north polarity. Hence the induced current is anti- 
clockwise in direction. 


(5) When the magnet is withdrawn, the current flows in the 
opposite direction (clockwise), and so the polarity of the near end is 
also opposite, i.e. south [Fig. 75 (5)1. 


Here the number of lines of force linked with the secondary 
gradually diminishes, so the direction of the induced current will be 
such as to oppose this diminution, t.e. there will be a tendency to 
maintain the original number of lines of force. So the front face will 
acquire south polarity and so the direction of the current will 
be clockwise. 

(c) When the movement of the magnet becomes quicker, the 
induced current becomes stronger. 
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Here lb should be carefully noted why the induced current in the 
coil becomes stronger with the quicker movement of the magnet. 
When the magnets move quickly, more lines of magnetic fo7xe are cut 
per second hy the coil and so the induced E.M.F. (and hence the < 
induced current) becomes greater. 

(d) No current is produced when the magnet does not move, i.e. 
when the number of lines of magnetic force through the coil does 
not change. 

(e) The reverse elifect is produced when the south pole of the 
magnet is used. 

Thus the change of magnetic lines of force may he regarded as 
the reason for inducing in the coil an electro-motive force which gives 
rise to a momentary current. 

* N.^B. It should be noted that in those experiments \{a) to (s)] we 
obtain electrical energy in a coil by the motion of the nidgnet near it. 

Tlie above results are tabulated below : 


. By 

l^rimary 

Secondaiy 

Current 

(a) at make 

(b) at approach 

(c) when strength 
increasing 

Instantaneous, and 
inverse 

Magnet 

When approaching 


Current 

(a) at break i 

(b) when receding I 

(c) when strength 
decreasing 

Instantaneous, and 
direct 

Magnet 

1 

when receding 1 

! 



64. Laws of Electro-magnetic Induction. — As a result of his 
celebrated experiments on electro-magnetic induction Faraday in 1831 
stated the following laws : — (l) When the number of magnetic lines of 
force (which is often termed the magnetic flux) passing through a circuit 
is altering^ an induced E,M.F. is set tfp, the magnitude of which is pro- 
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pm tional (a) to the rate at which the change of flux is taking place, an^ 
\h) to the number of turns in the circuit. 

In the above experiments of Art. 63, when the primary current is 
made, or increased, or it is brought nearer the secondary coil, the number 
of magnetic lines of force passing through the secondary is increased ; 
and when the primary circuit is broken, or removed to a distance, or 
the north pole of the bar-magnet is taken away, the number of mag- 
netic lines of force in the secondary decreases, 

(2) An increase in the number of Lines of force linked up with 
the circuit induces an inverse current, while the decrease in the number 
of lines of force induces a direct current in the circuit ; and the curpent 
continues only while the change in the number of lines of force is^ 
actually taking place. 

Mathematical form of Faraday’s Law. — If N be the numbej- of 
lines of force ' passing through a circuit at any instant, and N' be the 
lines after a short interval t, two cases*may arise : 

(i) If N'>N, {N* ^ N) is positive, and th^, induced E. M. F. (e) 


since in the electro-magnetic system, the constant of proportionality, 
K^l, But the induced E. M. F. (e) is inverse ; so with its proper 

, iV'-AT N'-N 

sign, we have, -6“ ; or 0 *= - . 

t t 1 1 

(ii) If N'-CN, {N^ - N) is negative and in this case, there is a 
decrease in the number of lines of force and so the induced B M. F. (e) 


is direct. So, with proper sign, we have, e 


N-N' 

~t 


N'-N 

t 


Thus in both cases wo find that the induced, E. M, F. (e) is the rater 
of change of magnetic flux ivith the sign changed.. 


If the secondary consists of n turns of wire and so the total flux 
is n{N^ - N), the value of (e) becomes, 

n(N' - N) Total no. of lines of force cut /-r^ ,, tt \ 

fl- - ^ — * m- • 5 (B.M.U.) 

t Time in seconds 


or 


Total change in fl ux 
Time in seconds 




Total change^in flux / v 
10® X Time in seconds ® ^ 


65. Magnitude of the Induced E. M. F.— The magnitude of the 
induced E. M. F. can be increased in two ways. — (i) by increasing the 
number of turns of wire of the secondary coil. By this the actual 
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number, by whioh each line of force is out by the turns of wire, 
is increased, and so the induced E. M. F. is also increased ; (ti) by 
winding the primary on a bundle of soft iron wires, which increases the 
number of lines of force in the primary due to the high permeability 
of iron ; (iii) by increasmg the rate of change of the number of lines of 
force, i.e. by increasing the rate at which the primary circuit is made 
or broken, or by any other means. 

The first part is very important as it means that an extrerpely 
high E. M. F. can be produced b> taking a secondary coil of a very 
large number of turns, in which case the wire must be thin and so the 
resistance of the secondary coil will be groat. Thus the current 
prcfduced will be small, but the pressure (or voltage) will be high. 

66. Lenz's Law. — In the experiments under Art. 63(2), it has been 
found that if the north pole of a bar-magnet approaches a coil, the 
direction of the induced current in the coil, as seen from the magnet, is 
anti-clockwise, that is, it is such that the face opposite* to the north 
pole of -the magnet ac(|uires north polarity, which, therefore, tends to 
’ oppose the motion of tj^e magnet. Similarly, if tho magnet recedes 
fiom the coil, the same face of the coil will acquire south polarity, 
which, therefore# tends to attract the magnet. Hence there is always 
mutual opposition bet'ween them. This is true in every case of induced 
current. So to obtain the direction of the induced current there is a 
law, known as Lenz’s Law, which runs as follows : — 

In all cases of induced currents, the induced current is in such 
^ direction that its reaction tends to stop or oppose the very 
eause to which the induced current is due. 

Lenz’s Law and the Principle of Conservation of Energy. — 

In the experiments already mentioned it is seen that when iV’-pole of a 
magnet moves relatively to a closed circuit, a current is induced 
in the circuit which sets up magnetism to oppose the motion of tho 
magnet. Similarly when a primary coil approaches the secondary, 
an unlike current being induced in the secondary, there is a force 
of repulsion between tho two. So in these experiments an amount of 
mechanical work is done in overcoming the opposition while producing 
induced currents, and it is this mechanical energy which is transformed 
into the energy of the induced currents. 

In the case where tho primary and secondary coils are fixed and the 
induced current is produced by making or breaking the primary cur-‘ 
rent, or by changing the strength of the current in the primary, the flux 
through the secondary changes due to which there is a change of 
electrical potential energy of the secondary coil, which is converted into 
electrical kinetic energy, i.e. tho energy of the induced current. 
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Lenz’s Law follows from the principle of Conservation of energy, 
as all laws ultimately should, for if the direction of the induced 
current were such that it helped the motion of the approaching coil 
or magnet, instead of opposing it, the motion of the approaching coil 
or magnet would be increased. So in a magnetic field it would only 
be necessary to give a slight movement to a conductor, when its 
velocity, and hence its kinetic energy, according to the above condition, 
would go on increasing without receiving energy from any other 
source ; that is. electrical energy will be continuously generated with- 
out an expenditure of equivalent energy of some other form or forms 
which is against the principle of conservation of energy. 

1 Rule : — A simple rule known as 
Fleming’s right-hand rule gives a 
convenient method of deducing 
the direction of the induced 

current (or E. M. P.) 

Hold the thumb, first finger, and 
middle finger, of the right hand rnutu- 
ally at right angles to each other. If 
the first finger points in the directim 
of the magnetic lines of force and 
the thumb in the direction of motion, 
in the direction of the induced current 
or E. M. F, (Cf. Fleming’s Left-hand Rule in Art. 17). 

In Fig. 76 the rule has been illustrated. A straight horizontal 
conductor CD is made to move vertically upwards at right angles to a 
uniform field. The fore-finger of the right hand points in the direction 
of the magnetic field and the thumb in the direction of motion of the 
conductor. The middle finger, which is directed at right angles to 
both the motion and field, gives the direction of the E. M. F. induced 
in the conductor. 

68. Mutual-induction and Self-induction. — [i) The phenomenon of 
production of induced^ current in a circuit by changing the magnetic field 
due to a current in another circuit is known as Mutual induction. The 
experiments, described in Art. 63(1), are all instances of mutual 
induction. The circuit which carries the source of E.M.F., and in which 
the varying magnetic field is produced is called the ‘primary circuit, 
and the other circuit, which is usually a bigger coil of many turns of 
wire wound on the primary, or near it, in which the induced E.M.F. is 
produced, is called the secondary. To increase the inductive effect the 
coils are often wound on a soft iron core. 


67. Fleming’s Right- 



Fig. 76 

then the middle finger will point 
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The co-efficient of mutual induction (qr simply, mutual induc- 
tance) of two circuits may be defined as the magnetic fiux linked up 
with the secondary when a unit current (E.M.U.) flows in the primary, 
, or as the E M F. acting round the secondary due to a unit rate of 
change of current in the primary. 

(ii) Induced current may also he developed in a circuit due to its 
own movement in a maQnetic field, or by chantfe of Uux tJiroiLgh itself due 
to variations of its own current strength. This phenomenon is called 

Self-induction. 

Thus when a current is started, or suddenly increased in a coil of 
mjLny turns, there is an increase in the magnetic lines of force passing 
through the coil, and so an inverse induced current is set up, which 
opposes the growth of current in the circuit and thus toeakens tempo- 
rarily the current in the circuit. Again, when the current through 
tlfe s(jil is suddenly stopped, there is a decrease in the number of the 
magnetic lines of force in the coil, and so a direct indut^ed current {i.e. 
^ in the same direction as the original current) is set up, which tends to 
f prolong the steady cuyrent for a short time, and which frequently 
gives rise to a spark at the point where the circuit is opened. The 
induced current, thus produced at break, is sometimes called the 
“extra current.” ‘This is due to self-induction. 

The co efficient of self-induction (or self-inductance or simply 
inductance) of a circuit is defined as the magnetic flux associated 
with the circuit due to unit current (E.M.F.) flowing in the circuit or 
» as the extra E.M.F. produced in the circuit due to a unit rate of change 
of current in the circuit. 

The practical unit of inductance (mutual or self) is called the 
Henry. It is the inductance which causes an E.M.F. of I’volt to act 
round a circuit for a change of current of 1 amp. per sec. 

That is, 1 henry ^ \ = 10® E.M.U. ’s of inductance. 

1 amp. 10 ^ 

Milli’henry (lO"® henry) or Micro- henry (10"*' henry) are found 
convenient units for expressing inductances which are ordinarily used 
in the laboratory. 

Note. — It should be noticed that in order to avoid the effects of. 
self-induction in the coils of resistance boxes, each silk-covered wire is 
doubled over itself and wound in a coil. In this case, the direction of 
the current in one half of the wire is opposite to that in the other 
half, and so the effect due to one is neutralised *by the other. This 
is called non-induetlve winding [(see Fig. 56(a)]. 
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Demonstration of Self-induction in a Coil. — Faraday observed 
the effect of self-induction as follows. — The coil CD is connected to 

the battery B and the galvanometer G as 
in Fig. 76(a). When the l^ey K is pressed 
and the current is established, suppose 
the needle is deflected to the position ab' 
where it is retained by means of a stop. 
Then on breaking and again closing the 
circuit immediately, the needle is deflec- 
ted momentarily beyond ab\ This is due 
to self-inductance of CD delaying the 
establishment of the current through it, 
as a result of which the fraction of the 
total current of the cell which traverses (f increases. If the needle is 
held in its normal position ab, a deflection in the opposite direction 
takes place on breaking the circuit ; in this case, the self- in laced 
current in CD is in the direction of the principal current, i.e. it passes 
through the galvanometer G from right to left. 

69. Ruhmkorff’s Coil. — This is also simply called the Induction 
coil. It is a practical application of the principle of mutual induction. 
By this instrument an 
induced E.M.F. of very 
high voltage is pro- 
duced between the 
ends of a secondary 
coil by rapidly making 
and breaking a pri- 
mary current of low 
voltage. 

Parts. — This instru- 
ment essentially con- 
sists of the following 
parts. 

{i) A Primary 
coil. — It is a coil PP' 

(Fig. 77) of a few turns of insulated thick copper wire wound usually 
on a hollow tube of some good insulating material such as vulcanite, 
etc. ; in the hollow of the tube is placed co-axially a core of a bundle 
of soft iron wires (or a laminated core of soft iron) which increases the 
magnetic flux produced by the primary coil and also acts as an electro- 
magnet. 

{ii) A Secondary coll. — It is a coil SS' of a very large number 
of turns of very fine insulated copper wire wound on a wider outer 



Fig. 77 — Riihmkorff’s Induction Coil 
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tube, also made of a good insulating material such as valcanite. 
Sometimes shellac is used to insulate each turn from the other. In 
order that there may not be any sparking between neighbouring 
turns, which are at high potential difference when the instrument 
in action, insulating separators are also often times used at regular 
intervals between the two ends S, S'. The terminals S, S' are 
connected to two adjustable conductors, M and N, which end in two 
knobs and which may be set apart leaving any suitable air 
path in between. 

{iii) An Iron Hammer. — One end P* of the primary coil is 
connected to a metallic spring B which supports at its top an iron 
hanlmer H provided with a platinum contact point p at its back. 

{iv) A Contact-Breaker. — This consists of an adjustable metallic 
sc7'ew E with a platinum point p' in the line with p, fixed to a vertical 
metllilllc^ pillar ^4. The primary circuit is closed when^the screw E 
is adjusted so that its contact point p' touches the hammer contact 
.point p\ By adjusting the base screw W {made of an insulator), 
iSe spring can be set »t any desired position, t.e. its stiffness 
can be regulated. 

• 

(v) A Condenser/ — This is a fixed condenser of a very largo value. 
The condenser C is inserted with one of its two sets of plates being 
connected to the hammer and the other to the adjustable screw, 
so as to be in parallel with the contact breaker, as shown in the figure. 

# ivi) A Commutator. — By this the primary current can be started, 
stopped, or reversed (not shown in the figure). It is connected at T, T , 
'which are the two leads from the primary. 

Action. — To start the action of the instrument, a battery cf low 
voltage (2 to 6 volts) is connected through the commutator to the two 
terminals T, T' of the primary coil, and the contact screw E is worked 
till the two platinum points p, p touch each other. ' Thus the 
primary circuit is closed. 

Action in the Primary. — As soon as the primary circuit is closed 
the current passing through the primary coil magnetises the soft-iron 
core, which attracts towards it the soft- iron hammer H which is in 
front. As the hammer is drawn towards the core, the circuit is broken 
between p, p', reducing the primary current to zero and thereby the 
core is demagnetised. The spring B brings tbe hammer back to its 
original position by virtue of its elasticity and again tbe pirouit is 
made as before. By this automatic arrangement the primary current 
is alternately made and broken at a rapid rate. 
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Action in the Secondary. — When the primary current is rnade^ 
a strong magnetic flux increasing from zero-value to a maximum is 
produced by the iron-cored primary coil and this causes«a large induced 
E.M.F. depending on the number of turns used, to aqp in the secondary 
coil in the reverse direction, as the primary current grows. Next 
when the primary circuit is broken, the same flux linked up with 
the secondary will decrease from the maximum to zero value causing 
an induced E.M.F. to act in the secondary in the same direction as 
that of the primary, as long as the current decays. So, for a complete 
cycle comprising a make and the next break, it might appear that 
two electro-motive forces of the same magnitude will act in the 
secondary in opposite directions. That is, an alternating E. M F. 
will be produced at the ends of the secondary terminals. But actually 
an intermittent undirectional E.M.F. is obtained because the induced 
E. M. F. at break is much greater than that at make, which may be 
explained as follows. — v ' 

(i) When current in the primary is ma9e, duo to the self-induction 
of the primary coil, an inverse induced E. M. F. acts in the primary, 
which opposes the growth of the current. So the flux generated 
increases less rapidly than its rise when there wou\d have been no- 
self-induction. So, due to the effect of self-induction, the inverse 
induced E.M.F. in the secondary is also correspondingly decreased. 

(a) When the primary circuit is broken, a very high resistance is 
introduced at the air-gap between the contact points p, p and so> 
the primary current tends to fall to a zero-value instantaneously^ 
Within the secondary the flux is therefore withdrawn at a much 
greater rapidity than its rate of growth *at make*. So the direct in- 
duced E M.F. ‘at break' should be much larger than the inverse E M.F. 
‘at make'. This is, however, not the only aspect of the action. 

The self-induction of the primary creates a direct induced B. M. F. 
in the primary when the circuit is broken, on account of which the 
primary current tends to persist, or, in other words, it retards the 
cessation of the primary current. So the flux produced by the primary 
current is withdrawn at a lesser rate than it should be when there 
is no self-induction. Thus, due to the effect of self-induction of the 
primary, the secondary EM.F. ‘at &rea/c * should be correspondingly 
diminished, but, nevertheless, the direct E.M.F. produced ‘at break* will 
be much larger than the inverse E.M.F. produced 'at make' in the 
secondary coil The direct E.M.F. produced in the primary ‘at break* 
is large enough to cause a spark at the air-gap between the contact- 
pieces, where most-of the resistance of the circuit is localised. Th& 
contact points, though made of platinum in order that they may not 
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wear out easily, are subjected to these sparks which tend to burn 
them away. 

Use of the Condenser. — The condenser C, which should be of 
large capacity, placed parallel to the air-gap between p, p' reduces 
the occurrence of such sparks and also increases the clliciency of the 
instrument, which maybe explained as follows. The ‘self-induced E.M.F. 
‘at hrealc in the primary is imparted to the air-gap, i.e. to the coats 
of the condenser. As the capacity of the condenser is large, the plates 
are charged to a. P. D. too small to lead a spark across the air-gap. So 
the sparking is diminished. The tendency of the primary current to 
persist being thus reduced, the rate of withdrawal of the flux during 
'break! is considerably increased, which helps to develope a larger 
E. M. F. in the secondary ‘at break'. There is yet another aspect of 
the action of the condenser. During 'break' ^ as soon as the condenser 
is char^id, it discharges itself immediately owung to the low^ resistance 
of the primary circuit ; that is, the charge in the condenser rebounds 
find traverses the primary coil in the opposite direction. This is 
v'qui valent to removal of 4he flux and their re- insertion in the opposite 
direction. The change of the flux is, thereby, almost doubled ; so 
the secondary induceej^p]. M. F. produced during 'break' of the primary 
current is also made almost double. In a complete cycle comprising 
‘a make and a break', the direct induced E.M.F. ‘at break' will therefore 
greatly predominate over the inverse induced E. M. F. ‘at make' 
resulting in a unidirectional secondary discharge, but of the intermittent 
jype, taking place only during 'breaks'. 

It should be noted that the current induced in the secondary 
depends, besides the rate of change of the number of lines of force, 
ujjon the resistance of the circuit which is fairly high, whereas the 
induced E. M. F. depends on (a) the number of turns of the secondary, 
and (^) the rate of change of the number of lines of force, and not ori the 
resistance of circuit ; so, though the voltage obtained in an induction 
coil is very high, the actual current (amperage) of the secondary 
circuit is very small 

N. B. For a spark of 1 inch length, a pressure of about 20,000 
volts is required. The P.D. produced by an induction coil of the 
medium size may vary from 20,000 to 30,000 volts. 

It will be noticed that in power-stations, where very strong 
currents are used, switches of special design are used so that they can 
be pulled away very rapidly in order to prevent damage to the 
contacts where the circuit is broken. In houses also switches fitted 
similarly with a spring Eire used to serve the same purpose. 
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By an induction coil a greater quantity of electricity at high 

voltage is obtained than by a Wimshurst 
machine. 

70. Transformer* — This is an 

arrangement in which a larger current 
at low voltage is transformed into 
a smaller current at higher voltage, 
or a smaller current at higher voltage is 
transformed into a larger current at 
lower voltage. The former is known 
as a **8tep up” transformer, and the 
latter as a ‘‘step-down’* transformer. 
An induction coil is an example of the 
step-iip transformer. The only difference 
between a step-up transformer and an induction coil is that in the 
former the iron forms a closed magnetic path while in the latter 
it does not 

A transformer essentially consists of two coils of insulated wire 
to one of which — called the primary coil — the current to be trans- 
formed is supplied, and the current is delivered by the other, called 
the secondary coil. The coils containing different numbers of turns 
are wound separately on a continuous soft iron core (Pig. 78). When a 
current flows round the primary, the iron core becomes magnetised, 
and lines of force from one coil will almost all remain in the core, 
and so pass through the other coil. In a transformer we have, 

E. M. F. in Uie secondary _ No. of turns in secondary 
E. M. F. in the primary No. of turns in primary 

So in a step-up transformer the secondary contains more turns 
than the primary, and in a step-down transformer, the secondary 
contains fewer turns than the primary. 

A transformer is not used on a direct current circuit, but with 
only an alternating current, i.e. a current which reverses its direction 
of flow at regular intervals of time (see Art. 77) and thus reverses 
the magnetic flux which causes an induced E.M.F. in a secondary 
linked up with it. 


C07'€ 



Fig. 78. — Transformer 


Questions 

Art. 63. 

1. What is an induced current ? Describe typical experiments whereby 
rthe production of induced currents may be illustrated. (C. U. 1909, ’13, ’16, 
’16, ’18, ’19, ’26, ; Pat. 1928, ’21, ’28, ’42 ; All. ’20, ’28, ’29) 
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ti. Given (a) a coil of wire whose ends are connected to a sensitive 
galvanometer, (6) a coil of wire whose ends arc connected to a battery, (c) a 
Imr-magiiet ; devise experiments from which the laws of electromagnetic 
^ induction can be deduced. (C. U. 1949) 

3. A coil is connected to a seusiti\e galvanometer. Another coil carrying 
a current is then (a) quickly introduced into the first, (6) while still there, 
the current in the second coil is reversed, and (c) linally withdrawn quickly. 
Explain the eflcct on tlie galvanometer. Can you produce a similar effect 
by some other means *? If so how ? (Pat. 1928) 

[Hints. —Similar effect can be produced by a bar-magnet.] 

S, (a). It is known that a current can be induced in a coil by 
moving a magnet near it. What conditions determine (a) the direction, (b) 
the duration, (c) the magnitude of the induced current (rive experimental 
evidence in support of your answer. (C!. U. 1946)' 

t. 'Pescribe some experiments to sliow that electric ^-urrent may be 
produced even without batteries. (Dac. 1932) 

, (See “also Arts. 77 k 78). 

5. Givci a brief account of the priucdpal phenomena of electro-magnetic 

induction. ^ ((^ U. 1931, ’39 ; Pat. ’43) 

6. What do you understand by ‘induced current’ ? How may it be 

produced ? Upon what factors and in what manner, do (/) the strength, and 
{a) the direction, of the induced current depend ? (Pat. 1940, ’48) 

[For (ii) see Art. 65.] 

• Art. 64. 

7. State the laws of electro-magnetic induction and describe suitable 
experiments illustrating each of them. (C. U. 1926 ; Horn. 1932 ; Pat. 1949) 

(See also Art. 03). 

Art. 66. 

8. State Lenz’s law and apply it to explain the production of electrical 

currents by induction. Show that it follows from the princi})le of conservation 
of energy.' (C. U. 1933, ’36, cf. ’47 ; Cf. Pat. ’41, ’48) 

8. (a). State and explain Lenz’s law. (Utkal, 1948) 

Art. 69. 

9. Describe an induction coil, and state the reasons for making the 

primary coil consist of a few turns of thick wire and the secondary of a very 
large number of turns of thin wire, What is the part played by the condenser ? 
What is the function of the soft iron core ? (C. U. 1936 ; Pat. 1938, ’39, ’45) 

10. Sketch the parts of a simple Buhnikorfl'’s coil, and explain its action.. 
Is there any difference between the high potential differences obtained with a 
Ruhmkorfrs coil and with an electro-static machine ? If, so, account for it. 

(Pat. 1920, ’30> 
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11. Describe a sectional diagram of a BuhmkorfT’s coil, with an index 

of parts, and explain its action. (G. U. 1922, '26, '27, '36, ’42, ’44 ; 

Pat. 1929, ’32, ’42, ’43 ; All. 1924, ’30, '45 ; Dac. 1934.) 

12. Explain the construction and working of £fti induction coil, pointing 

out the ways in which the different parts of it contribute to increase the 
lengths of the spark between the terminals of the secondary. Mention 
some uses to which it has been put in a laboratory. (Pat. 1946) 


CHAPTER VITI 

Geneiation and Technical Applications of Electricity 

71. Applications of Electricity. — Most of the applications of. 
an electric current depend upon one or other of the following three 
properties ; — 

(1) An electric current produces heat in a conductor when it flows 
through it. This heating effect has been utilised in electric lamps, 
furnaces, etc., some of which are given below. 

(2) An electric current produces chemical changes when it passes 
through certain solutions. This effect is known as electrolysis, which 
has been utilised in electro-plating, purification of metals, etc. {vide 
Chapter VI). 

(3) An electric current produces magnetic fields surrounding it. 
Some of the applications of this effect have been given before and 
some are given below. 

72. Electric Lamps and their Progress. — {Arc lamps), — Sir 
Humphry Davy made the earliest attempt (1810) at lighting by produ- 



Pig. 79 — Development of Electric Lamps 
oing an arc between two carbon rods [vide Art. 72(2)]. It could nob' 
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be universally accepted for domestic uses owing to its large power 
consumption and difficulty of even and continuous operation, 
Jablochkoff devised a sort of carbon arc, called “arc candle" (1877), 
i>perated by alternating current. The two electrodes, being alternately 
positive and negative, wore out equally and the space between 
them could thus be kept constant, and so this arc ran more evenly 
than the Davy’s arc. It liad therefore a greater measure of success ; 
but this as well had to be discarded owing to large comsumption of 
power and shortness of life. 

Filament lamps. — Grove and Moleyns (1840) 6rst used a metallic 
wire (platinum) for lighting by heating it to incandescence by electric 
current. Such wires became brittle due to oxidation in air. Starr 
and King suggested (1845) metal or carbon filaments, in vacuum, to 
prevent oxidation. Springel introduced an efficient Vacuum pump 
in lS75^and this enabled Edison in America and Swan in England, 
during 1878-79, to make the first successful carbon filament lamps. 
^I^dison’s carbonised bamboo filament lamps (1880) gave about 3 
i.^mens per watt.* • 

Carbon filame\)t lamps have, however, many defects. Resistance 
of carbon decreases Xvith rise of temperature. So more current is 
allowed through the filament when it is hot than when cold. This 
produces over heating and much wastage of energy. Carbon disinte- 
grates slowly causing a gradual blackening of the inside of the bulb. 
At about 1800^C. it volatilizes, whereas a higher temperature is 
ifficessary for a strong illumination. Again, carbon filament lamps 
consume relatively larger power than other lamps. So, now-a-days 
such lamps are mainly used as lamp resistances. Nernst devised 
a lamp where the filament was made of rare earths, which became 
conducting at incandescence, no vacuum in this case being 
necessary to prolong life The filament used in vacuum lamps was 
up to this time in the form of a long open grid. Welsbach (1898-1902) 
used osmium wire which consumed less power but proved to be brittle. 
Von Bolton and Feuerlein (1905) used tantalum which grew soft when 
hot and required too many supports along its length, but was 
found suitable to be drawn into fine wires. Huntington (1884) first 
used tungsten as the material for the filament, but it came to be 
accepted as the standard material for the filament since Coolidge (1909) 
found a process for improving its ductility and enabling it to be drawn 
into fine wires. 

Introduction of gas-filled lamps. — In vacuum Igimps the filament 
can be raised to high temperatures no doubt (to increase efficiency), for 


'^One 0. P. •= 4ir lumens. 
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lifctle heat is lost by the filament through conduction, but the difficulty 
at such high temperatures is that the filament evaporates and blackens 
the bulb. It has been, however, recently discovered that this evapo- 
ration would stop if the bulb were filled with an Inert gas, such as 
argon, nitrogen, or a mixture of argon and nitrogen, etc., after it is 
pumped clear of air. But high temperatures could not be reached in 
such bulbs owing to heat losses through conduction having increased 
duo to the gas used. This difficulty wa*? overcome by Langmuir in 
1913 by having the filament made in the form of a coil whereby heat 
losses have been greatly reduced. Further improvement in this direc- 
tion has been made recently (1934) by coiling the coiled filament 
between two metal electrodes. Such lamps are known as “coiled coil 
lamps'*, (las-fillod lamps (also known as half-watt lamps) available 
in tlie market are quite satisfactory from the standpoint of illumina- 
tion, cost, and length of life. Such lamps are ordinarily nitrogen lilled 
and they consume about 0‘5 watt (i.e. half watt) per candle when 
running at the specified voltage. Bulbs filled with argon emit a bluish 
light which is somewhat soothing to the eya. Extreme precision and 
rigid control in the art of filament-making are the trends towards 
improvement at the present times. A small change in the diameter of 
the filament may cause a great difiference in the length of life of a bulb. 

Luminous Discharge Tubes. — In recent times luminous discharge 
tubes have begun to be also used for lighting purposes. Such tubes 
fall into two main categories. 

Cold Cathode lamps, containing a gas at low pressure between two 
metallic electrodes connected to a high voltage supply, produce a 
defuse glow tilling the tube, which may be bent to any shape (vide 
Art. 84, Chapter IX). The colour of the light depends on the gas 
used ; thus : — neon, red ; argon, blue ; mercury vapour in brown glass, 
green ; helium in yellow glass, yellow, etc Such lamps are used 
frequently for advertisement purposes. Hot Cathode lamps, compara- 
tively more recent, use cathodes in the form of cylinders (thoriated 
tungsten) with heating wires inside them. The cathode emits electrons 
on being heated and the discharge forms an arc. In the mercury 
discharge type of this lamp, the discharge takes place inside an inner 
vessel of quartz glass. Discharge tubes, coated with luminescent 
poioders^ have recorded efficiencies between 5 to 60 lumens per watt 
due to the energy conversion effected by them. Tubes, run at high 
pressures, have been noticed since 1935-36 having efficiencies near 80 
lumens per watt. 

Informations on Electric Lamps. — The Illuminating Power (or 
brightness) of a lamp is expressed in candle-power (o. p.). Thus ' 
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'*16 c. p." marked on a lamp indicates that the illuminating power of 
the lamp is equal to that of 16 standard candles. 

The rate of consumption, or the power absorbed, by an electric 
Uamp is expressed in watts (watts ~ volts x amperes, see Art. 50). 

The power (in watts) absorbed by a lamp for each candle power 
of illumination is called the efficiency of the lamp. Thus 

. Watts absorbed by lamp .. .. 

Efficiency » r, * Watts per candle-power. 

Candle-power of lamp 

The P. D. which should be applied to a lamp is stated on it by the 
maker. If a higher P. D. is applied, the current through the filament 
becomes too great and its temperature higher than it should be. 
Though in this case the lamp gives more light, its 'Life* will be 
short. On the other hand, if the applied P. D. is too low, the tem- 
perature will be lower, and the life of the lamp in this case may be 
/onfy* bu^ its efficiency will be lower. • 

If a 16 candle-power carbon lamp, when run on a circuit which 
maintains a potential difference of 2‘20 volts, consumes 0‘25 ampere, 
;he efficiency (the rate of consumption per candle-power) of the 


lamp* =3'4 watts per c. p. 

(Efficiency. — Earlier type of tungsten filament lamps nad an effi- 
ciency of 1'4 - 17 watts per c. p. The efficiency of the modern gas-filled 
lamps is about I’l - 1*4 watts per c. p. for small lamps, while for large 
lamps consuming more than 100 watts, the efficiency is 0*7 - 1*0 watt 
ppr c.p.) 

[We pay for Energy. — The bulb of a motor car light is often found 
to be marked “6V - 24 W.**, i.e. 6 volts 24 watts. So this lamp 
requires a current of 4 ( **24/6) amperes, whereas a common lamp 
used for lighting a room, which is often marked “220V - 60 W," will 
require three-elevenths of an ampere. But the second lamp will 
give much more light than the small motor lamp. At first sight 
the house-lamp appears to be the cheaper source of light, but in fact 
it is not, because the number of accumulators required to be used for 
the motor lamp is only three, while the house lamp will require no 
fewer than one hundred and ten. So it is evident that the cheapness 
does not depend only on the current used in the lamp but also in the 
voltage at which the current is drawn, t.e, on the total energy or power 
(current x volt). What the electric supply company charges for is not 
the current, but the energy consumed. 

A consumer usually pays for his light by the “kilowatt-hour", i.e, 
1000 watts for I hour. The energy consumed by the above lamp is 
220 X 0'25 * 55 watts or 0'055 kilowatts. One such lamp running for 
.20 hours will consume 0*055 x 20 * 1*1 kilowatt-hours.] 


30 (II) 
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(2) ArC'Lamp. — If two carbon pencils, which are at a difference 
of potential of about 60 to 70 volts, are brought into contact- and then 
slightly separated, current continues to pass fQrming a luminous 
*'arc” between the points. The discharge is characterised by intense' 
light and heat. This light is called the arc light. 


At the point of contact of the pencils, the resistance is very high ; 
so, when current passes, the temperature becomes very high and 
corbon volatilises. When they are separa- 
ted, the hot carbon particles pass from dL 
the positive to the negative end. Hence 
the positive carbon becomes hollowed out 

and it develops a crater at its mouth, a- ^ 

and the negative one becomes pointed mMM— 

(Fig. 80). The positive carbon is con- f ^ w 

sumed twice as fast as the negative one. 

If the distance between the carbons* 
becomes too great, the arc goes out. To 

obtain steady illumination, the carbon t^- qa a r 

pencils, when worn away, are made to ^ 

approach each other by some automatic arrangement! The approximate 
temperature between the points is 3500°C. 

(3) Mercury Arc Lamp.- The usual form of this lamp [Fig. 80(a)J 
is a bent tube of quartz having two terminal bulbs 
containing mercury. An electrode sealed to each 
l^*“****^A bulb is placed in communication with the mercuiy. 

electrodes may be connected to the supply 
I mains through an adjustable resistance. As the 

I mercury in the two bulbs are not in touch, in 

" MERCURY order to start the arc, the tube has to be slightly 

tilted when mercury from one bulb runs into the 
other producing the necessary metallic connection. 
The large current that passes developes sufficient 
heat to turn some mercury into vapour which 
afterwards forms the conducting link between the 



Fig. 80(a) — Mer-- 
cury Arc Lamp 


electrodes. As the current passes, the inside of 
the tube glows with a brilliant bluish light. This 
radiation, which is rich in ultra-violet light, is 
widely used in ultra-violet spectroscopy and medical 
therapy. As ultra-violet light is injurious to the 
eye, a worker should wear coloured glass spectacles, 
as a pifotective device, which absorbs these ultra- 
violet rays. 



CURRENT ELECTRICITY 


467 


(4) Electric Furnaces. — In small eleotrio furnaoes spirals of high 
resistance wire, say niorome (nickel 60, iron 25 and chromium 15 
parts) or molybdenum, are wound round tubes of fireclay, and heat 

'V is developed when a strong current is passed. 

(5) Electric Stoves, Kettles, Irons, etc. — Those are other appli- 
cations of the Joule Effect", and all of these are constructed on the 
same principle. In each of those contrivances high temperature is 
developed by passing a strong current through coils of wire of high 
resistance. 

,(6) Electric Welding. — It is a process by which two pieces of 
metal, such as tram-rails, are joined together. 

73. House Wiring. — Two wires from the street-supply mains bet- 
wefgi y^hich a constant P.D is maintained by the Electrjc supply com- 
pany a^e taken to a house, and are first of all 
connected in series with a machine, called an 
. ^att hour -meter ^ in whjch the units of 
e’ectricity consumed in the house in any 
period are rocoi^ded. Then the two wires 
(marked + and - ) arh taken to the different 
rooms of the house whore the lamps and fans 
are all connected in parallel, as shown in 
Pig. 81. Pig. 8 1 represents the wiring of a building. The wiring is 
always carried out with the lamps placed in parallel for the following 
Advantages, — (i) the remainder of the circuit will not be affected if a 
lamp is fused or taken out ; (w) each lamp of the circuit is run with 
a constant P.D. supplied by the generator ; iiii) addition of more lamps 
in the circuit does not affect the current strength in any particular 
lamp (Art. 36). The street supply mains may be two wire or three 
wire systems. Two leads from the mains are taken to a house. 

Exjkmples.— (i) An electric lamp beam the maiJc ''220V -60 W." Kzplain this 
jully. 

The lamp is meant for 220 volts supply. A 60-watt i.imp expends energy 
at the rate of 60 joules per second, i.e. 60 x 10’ ergs per second. 

The current taken by the lamp will be ^fob“0*27 amp. 

The hot resistance of the lamp is ® ohms. 

{2) How 'many joules of energy are consumed when a 50- watt lamp bums for 
10 minutes ? {C> U. 1983), 

(See Art. 50 J 1 watt - 1 joule per sec. So a 40- watt* lamp consumes 40 
joules of energy per sec. In 10 minutes or 600 seconds, the energy 
consumed « 40 x 600* 24,000 joules* 




Fig. 81 
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(f3) A railway carriage is lit up hy thirteen lamps, each taking 1*2 
amperes at L’i volts. Find the resistance of a lamp, and also the total power 
used in lighting the compartment, (C. U, 

F 15 ^ 

H(ire, resitance of the lamp is “ 12’5 ohms. 

As there arc 13 lamps, the total power used 
= 13 X JE. M. F. (in volts) x current (in amperes)} — 13 x 15 x l ‘i = ‘i34 watts. 

(‘^) A university hostel has 300 lamps installed. The lamps consume 
00 watts each and are ll<j hied for 0 hoars daily for 0 months. The collage 
of the supply is ;^20 and the current costs 0 annas per killowatt-honr. Find 
the cost oj the current as well as the maximum current u.serK \,All. 1030) 

Each lamp consumes 50 watts. Therefore 360 lamps consume (360 x 50) 
watts. 

Hence the total power consumed for 9 months (each month* being of 
30 days) at 6 hours a day = 360 x 50 x 30 x 9 x 6 o/att hour 


360 X 50 X 30 X 9 X 6 


= (540 X 54)kilowa^»thours. 


11 ill. 540x54x6 irtoor 
The cost at 6 as. per kilowatt-hour = - = 10,935 rupees. 

The voltage of the supply is 220 and the total power consumed — (360 x 50) 
watts. Now, watts — amperes X volts. Since the lamps are in parallel uid 
the P. D. is 220 volts, the maximum current 

(i.c. the current in the main lead) = 81’81 amperes. 


(5) In a. house there are fH) half- watt lamps each of (SO candle-power, the^^ 
voltage of the supply he/iny 320. Calculate (a) current used hy each lamp, 
(fe) energy consumed, per hour, (r) cost of lighting the house for 20 hours 
at / annas per kilowatt-hour. 

(a) Electrical energy consumed by each lamp of 60 c. p. = ^ x 60 = 30 
watts. \Vatts = volts X amps. Current consumed by each lamp = ^j% 

= 0‘136 amp. 

(5) 1 watt - 1 joule per sec. 30 watts = 30 joules per sec. 

So the energy consumed • by 20 lamps per hour — 20 x ^ x 60 x 60 joules 
= 2,160,000 joules. 

20 X 30 

(c) Total power consumed— iqoO ^ ^ ‘ 

Total cost for 20 hours - 20 x 0’6 x 4 annas - 3 rupees. ' 
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74. Electric Bell. — This is an apparatus (Fig. 82) where the 
magnetic effect of electric current is utilised for converting electrical 
energy into sound energy. It 
' \ consists of a horse-shoe electro- m g 

magnet M and a hammer H / H 

connected to a soft iron piece, ( 
called the armature, earned / i^i 
by a spring S', one end of / * — ^ f 

which is rigidly fixed.’ When / 

no current passes through the I ^ 

instrument, the other end I ® 

of the spring makes contact \ ^ > | 

with the point of the screw \ I 

C, which being adjustable can / 

be yofked to estalDlish contact j | B 

if there^s any looseness. The ■ p 

circuit includes the battery B n on i. ■ i» n 

j i.i_ I ^2 — Klectno Boll 

^ and the key /i. On pressing the 

k^y, when a current passes through the electro-magnet, the armature 
is attracted by it. and the hammer strikes the gong G. But when 
the armature is attra\3ted, the circuit breaks at S. The electro- 


Fig. 82 — Electric Boll 


magnet being demagnetised does not act, the armature is brought 
back to its original position by the action of the spring, and makes the 
circuit complete again. So the armature is again attracted, and the 
hammer strikes the gong. By this process the bell keeps ringing 
Atermittentiy as long as the current continues to flow. 


This is commonly used as a calling bell. Leclancho' cells are 

suitable for working this instrument. 
A Bell-push K, which is simply 
a spring key, is generally included 
in the circuit. 

75. Telegraph. — The electric 

telegraph is another application of 
the electro-magnet. Telegraphy 
Fig. 83 Morse key means the art of sending messages 

from one station to another at a long distance apart by a recognised 
code by the electrical method. 

The essential parts of a line- telegraph system are (0 lAuB wire 
connecting two places between which messages are to be sent ; 
(ii) Battery ; (in) Transmitter for sending the signal ; {iv) Receiver 
for receiving the signal. 
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Transmitter. — Now-a-days Morse key (Fig. 83) is used as a 
transmitter. It consists of a brass lever AB having a fulcrum at the 
middle, which is permanently connected to the line. ^The lever has got 
a screw at the extreme end which touches a button below it in its 
natural position. At the other end there is a knob K which, when 
pressed, touches a button below, connected with the positive pole 

of a battery, and thus 
sends a current through 
the line-wire to the 
other station. How a 
Morse Key is actually 
connected is shown in 
Fig. 84. The duration of 
the current depends 
upon the time for .which 
the knob is kept pressed. 
When the knob . is rele- 
f,ased, the spring of the 
lever makes the screw at 
the other end touch the 
button below in its natu- 
Fig. 83(a)— The Morse Sounder ral position which is 

connected with the receiving instrument. 

Receiver. — The Morse Sounder Fig. 83fa) is used now-a-days 
as a receiver. It consists of an electro- magnet M with a piece of 



LINE WIRE 



Fig. 84 — Telegraph Circuit. 

soft iron fixed on a pivoted lever L placed just over the core of the 
electro-magnet. As soon as a current from the sending station passes 
through the electro-magnet Af, it attracts the lever which strikes 
against a screw *a' below and makes a clicking sound When the 
current stops, the' lever is released, and is brought back to its original 
position by the action of the spring S and so it strikes against the 
screw 'V at the top. The signals are based on the duration of the ' 
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interval between the striking of the screw at a and that at b. Thus by 
manipulating the key, long and short sounds corresponding to dashes and 
dots can be produced and transmitted to the receiving station. 

Principle of a Telegraph System. — Fig. 84 represents a simple 
telegraph system between two stations. On pressing the knob of the 
Morse-key in the sending station, the contact of the line wire is 
established with the positive pole of the battery, the negative pole 
being connected to the earth. A current goes along the line-wire 
through the Morse key to the sounder of the receiving station and 
operates it, as explained before. When the knob of the transmitting 
key* is released, contact of the lever is now made with the sounder, 
which is then ready to receive signals from the other transmitting key. 
It should be noted that, in this case, only one line wire is necessary, 
the return path for the current being completed through the earth. 

Relay. — For a very distant station the line- wire may* be extremely 
long and so the current may be too feeble to operate the Morse 
'founder. In such a ^ase an 
aipliance, known as a relay, is 
used in the circuit near the 
sounder in order to Ithagnify the 
effect. It consists of an electro- 
magnet M and a light soft iron 
armature attached to a lever L. 

The electro magnet is placed in 
fte line circuit (Fig 85). When 
the weak current passing along 
the line-wire is passed through the relay, the armature is attracted 
downwards and touches a contact screw P, which puts into circuit 
a local battery P, and thus the sounder S, which is in the same 
circuit as the battery, is operated efficiently. 

N. B. It is to be noted that in the simple system described above, 
message can be transmitted over the line in one direction only at 
a time. In the more improved system, called the Dupleix system, 
which is mostly used, messages can be transmitted and received at 
the same time at the same station. 

76 The Telephone. — This is an electrical arrangement by 
which speech can be transmitted from one station to another. The 
telephone was invented by Graham Bell in 1875, and the instrument, 
Bell Telephone, goes by his name. It consist of a long bar-magnet, M 
(Fig. 86), round one end of which there is a flat coil C of insulated 
copper wire. The two ends of the coil are connected to the two 


Line 



Fig. 85 — Relay 
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binding screws 1\ T. In front of the cbil C there is a thin iron 
* diaphragm D hold firmly in a wooden 

^ cap and almost touching the end of the 
^ magnet. 

I M r The conical opening in front of the 

^ diaphragm converges the sound waves 
■■ , ^ directed to the diaphgram. The termi- 

nals T, T are connected to two lino 
«« mi I. wires at the distant ends of which 

TTig. 86-Telephone ^ ^pp^^atus is connected 

Action. — The diaphragm, being just in front of the magnet, becomes 
magnetised by induction, and when the diaphragm is spoken into, it 
vibrates to-and-fro by the sound waves which fall on it, and so the 
number of lines of force passing through the coil is changed. Induced 
currents are thus set up in the coil. These currents, travelling thrqugh 
the line wires, change the strength of the field in which Vhe iron 
diaphragm of the distant telephone is situated and throw it .mto the 
same hind of vibration as the first diaphragm. Thus, the second 
diaphragm reproduces the sound which caused the first one to vibrate. 

The Bell telephone (Pig. 86) may be used both as a,, transmitter and 
a receiver. It is independent of any battery, but the induced current 
generated is so weak that it is not successful for a long distance. 
Secondly the quality of the sound received is also poor. 


A battery connected in the line will improve matters a little no 
doubt, but for proper reception an improved receiver is necessar/. 
Such a modern receiver consists of a U-shaped magnot having one coil 
round each pole, the two coils being connected in series and the 
terminals finally joined to the line- wires. Both the poles are placed 
close to each other behind the diaphragm, so that the line current 
will now traverse both the coils and the electro-magnetic action on the 
diaphragm will be almost doubled. 

76. (a) Telephone Circuit. — The essential 
parts of a telephone circuit are (a) a Trans- 
mitter, (b) a Receiver, and (c) a Line 

Bell’s telephone is not used as a transmit- 
ter ; but a transmitter, working on a different 
principle, called the Microphone transmitter 
(Pig. 87) is used. Again, in modern practice an 
improved type of BelVs Telephone using a 
horse- shoe magnet provided with double coils 
over the two poles, as described above, is Fig. 87 — Microphone 
used as a receiver. Transmitter 
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The microphone transrnitter oonsists of a shallow chamber, loosely 
•filled with granules of carbon, having two thin carbonplates, one Ci at 
the front and the other at the back The centra of a steel diaphragm 
D is rigidly fixed to the middle of the front carbon plate. In fronti 
•of the diaphragm is the conical mouth-piece E which converges 
the sound-waves directed to it during a talk or speech. The diaphragm 
is connected to one of the terminals T, T, the other terminal being 
connected to the back carbon plate Usually, the plates Ci and 
are separated at the 
edges by cotton wool 
pads P. The principle of 
this transmitter is that 
when the pressure at the 
surface of contact of two 
carbon particles varies, 
a la'rge variation in the 
electric resistance of the 
contact takes places. 

• 

Action.- In Fig. 88 
it has been shown ^bow 
two stations can be 
connected by a telephone 
system using a micro- 
phone transmitter M 
^ and a sui liable receiver T 
at each station. The 
two stations have been 
shown, for convenience 
of drawing the figure 
only, as upper station 
and lower station. 

The primary of a transformer or induction coil C is used in series 
with the transmitter and battery, in order that the resistance of tho 
microphone circuit may bo kept low so that any variation of resistance 
of the carbon granules may be as large a proportion of the total resis- 
tance as possible and would thus produce large variations in the 
current. The secondary, of many turns, is in series with the line and 
the receiver at the other station. In the position shown, the receiver 
Tof the lower station is supposed to be in use When not in use, it is 
to be hung up on the key Kx, when the induction coil will bd 
thrown out of circuit. In the figure, the receiver of the upper station has 
been shown hung up on the key {K), which thus joins the line to the 



(Jbt 

Fig. vS8 — Complete Telephone Circuit 
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key A%, and the distant station then can call up, since the line is in 
series with the electric bell B. To call up the distant station, the key 
iLg must be pressed. This puts the battery in series with the liner 
• and the electric bell of the distant station. In the figure the key Ag of 
the upper station has been shown pressed. 

Owing to the disturbing effects of stray currents which often 
pass through the earth, the earth, in this case, cannot be used for the 
return circuit as in telegraphy. Hence two line-wires are necessary 
for a telephone circuit. 


77. Dynamo.— 7^ is a machine for producing electric energy at 
the expense of mechanical energy. If a closed coil of wire is made io 
rotate in a magnetic field so as to change the number of magnetic lines 
of force passing through it, an induced B. M. P. is generated in the 


coil. This induced E. M. P. depends upon the rate' of change of. tbo 
linos of force. — that is, it depends on the nucqber of turns of wire, the 
strength of the magnet, and the rate of rotation of the coil. Suppose 
a coil of wire ABCD is rotated between the poles N, S oi & strong 
magnet or a powerful electro-magnet (Fig. 89). Let the coil be rotated 



from the horizontal position in« the clockwise 
direction. When AB rises and CD falls, the 
direction of the induced current, according to* 
Fleming’s right-hand rule, will be as indicated 
in Fig. 89, i.e. from A to B and C to D. Now^ 
consider the second half of the revolution, i.e. 
when the coil is again horizontal. This time- ^ 



the side DC will be in the position now occu- 
pied by AB, so DC begins to rise and AB begins 
to fall Hence the induced current flows in 


Fig. 89 the direction DCBA, opposite the former 

direction. This shows that for a complete rotation of the coil the 
induced current (or E. M. F.) changes or alternates its direction 


at each half revolution. The strength of this current continuously 
increases from a zero value to a maximum one and then gradually 
diminishes to zero value again, during the first half revolution, after 
which the direction of the current is reversed, reaches a negative 
maximum value and then comes to the zero value again during the 
other half revolution. The current going through this series of 
changes is said to have completed one cycle, and the number of oyolea 
completed per second is called the frequency of the current. The 
current produced in this way is called alternating current [A, C.), andl 
the machine producing it is called an aUernating current (A. 0.) 
dynamo or simply an Alternator. This is the principle of the dynama 
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It should be remembered that an alternating current may be used for 
lighting and heating purposes, but it is unsuitable for electrolysis o?* for 
charging batteries. 

Parts — (i) The rotating coil is cafled the armature, and the 
magnetic field in a dynamo is produced by a strong electromagnet, 
called {ti) the field magnet. The armature consists of a very large 
number of turns of wire, and is rotated on a horizontal axle by any 
prime mover, such as a steam engine, oil Engine, Steam turbine, etc. 


Besides the above two essential parts of a dynamo, i.e. the 
armature and the field-magnet, the following two parts are also 
nebessary. 

{Hi) Slip-Rings. — These are two metal rings (Pig. 90) to which 
the ends of the armature coil are connected. These are rigidly 
meuQ^ed on the main shaft 
but are insulated from it, 
and they rotate with the 
armature, which is ^Iso 
properly insulated from the 
shaft. • 

{iv) Brushes. — ^ h e s e 
(Fig. 90) are made of carbon 
rods and are kept lightly S 

pressed against the slip rings 
by means of springs, and 
\re connected to the external circuit. , 

The current produced by the rotation of the coil (as explained 
above) is collected by means of the brushes bearing on the two slip > 
rings and conveyed to the external circuit. 



Direct Current (D. G.) Generator. — The alternating current 
produced in an A. C. generator can be made to flow in the same 



direction through the external* 
circuit by a special device, called 
the commutator, and thus the 
machine can be converted into 
a direct current (D. C.) gene- 
rator. The process is called' 
rectification. The principle of 
construction of a D.O. generator 
is the same as an A.C. dynamo 


Fig. 91 


except that the two ends of the* 
armature are fastened to twa 


halves C, C' of a metal cylinder, insulated from each other (Fig. 91),. 
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called the commutator, instead of the ‘slip rings’ These two half cylin- 
ders are fixed to the main shaft but insulated from it, and 
it is so arranged that, during a half revolution of the coil, 
each half cylinder (say, C) makes contact with a particular brush 
(Fig. 91), and when the current is reversed during the other half 
revolution, the same half cylinder G is in contact with the other 
brush. So during the first half of the revolution (say, anti- clockwise 

as shown by arrow) the 
current flows from C' to C 
in the coil and from the 
positive to the negative 
brush through the external 
circuit ; and during the 
ONE REVOtUTIQN other half revolution, when 

the direction of the curre»nt 
* Fig. 92 reversed, the durrent 

flows from C to in the* coil, but during this time the positions., of C 
and C' are also interchanged, and so now ipakes contact with the 
positive brush, and G with the negative brush. Hence in the external 
circuit the direction of the current is the same as before. 

The E.M.F. generated by a single coil connected to two split-rings 
(commutator), rotating between two poles, as described in the D. C. 
generator above, will be unidirectional no doubt, but will fluctuate 
between a maximum and zero values, as shown in Fig. 92. To make, 
such a pulsating E.M.F. sensibly constant, a larger number of coils in^ 
series are spread over the armature, each coil being displaced from the 
next by a regular electrical interval, with double the number of seg- 
ments on the commutator to which the coils are connected. The effect 
is increased by the use of a multi -polar magnet. The E.M.Ft produced 
by each coil will bo of same type as in Fig. 92, but at any instant each 
will differ in phase from the next by the same constant electrical 
degrees. The E.M.F. obtained at the brushes will be the resultant effect 
of super- position of these separate E.M.F.’s which are slightly but 
regularly varying in phase in succession. This resultant E.M.F. will be 
sensibly constant. 

Maximum E. M. F. in a Dynamo. — The maximum E. M. F. 
produced by a dynamo is directly proportional to (u) the area of the 
armature coils, {b) the number of turns in the coils, (c) the intensity of 
the field produced by the field-magnet, and {d) the number of revolu- 
iiions per second. 

78. Current Induced by Earth’s Magnetism : Earth Inductor.-— 

Faraday discovered that currents are induced in conductors moved in 
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the earth’s field. Such conductors are called earth inductors. Their 
action is well shown by the following apparatus known as “Delezenne’s 
circle” (Fig. 93). 

It consists of a wooden ring RT having a groove on it which con- 
tains a coil of some 
turns of silk- covered 
copper wire. The 
two ends of the coil 
are connected to a 
Spri ng C ommntatoi' 
by which the current 
induced in the coil, 
although it will 
change in the coil 
alTer^ry half revolu- 
tion, is made uni- 
direcCional through 
the galvanometer (i, 

Tlie ring can be 
rotated on the axis 



-Earth IndiKitor 


Fig. 93- 

EF by the handle M while the axis EF is itself fixed in a rectangular 
wooden frame JK movable about a horizontal axis. A ])ointer on the 
dial Sx shows the inclination of the axis EF while another pointer on 
S 2 indicates the angular displacement of the ring as it is rotated. 

^ In using the apparatus, the plane of the ring is placed at right 
angles to the line of dip and the axis EF normal to the magnetic 
meridian ; the plane of the coil is thus placed perpendicular to the 
earth's field shown by the dotted line ISf-S. 


The coil is then rapidly rotated by the handle M, The current 
induced in the coil, reversing in direction twice in every revolution 
(vide Art. 77), being made continuous by the commutator E, produces 
a steady deflection in the galvanometer G, On reversal of the direc- 
tion of rotation, the direction of the deflection is also reversed. 

The current generated in the earth-inductor, as explained above, is 
essentially an alternating one. It is an illustration of a simple A. 0. 
generator. The above coil may also be used to generate current by 
cutting the vertical component of the earth's field, instead of the 
horizontal field. 

79. Electric Motor. — It is a machine by which machanical energy 
is obtained at the expense of electric energy ; so thfs may be called a 
reversed dynamo. If an electric current from an external source 
be sent through the armature of a dynamo, it will begin to rotate- 
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between the pole pieces of the held- magnet like rotation of Barlow’s 
Wheel (see Fig. 24). The field-magnet may be either a permanent 
magnet or an electro-magnet. Wherever a large pewer is required an 
electro-magnet is used. The electro-magnet may be excited by current 
from a separate battery or from the line from which the current for 
the armature is drawn, the latter method being the most common 
practice now-a-days. The supply of current to the coil of the field 
magnet may be made differently. 

In series-wound motor, the coil of the electro- magnet is in series 
with the armature, whereas in the parallel- wound motor, it is in 
parallel to the armature. 

In the Compound -wound motor, there are two coils over the pole- 
pieces of the field-magnet, one with a small number of turns is placed 
in series with the armature, while the other having a comparatively 
larger number of turns is connected in parallel to the armature. Thus 
the field here is a combination of a series and parallel fields. The 
operating characteristics of these different motors are different and 
each type of motor has its own field of applications. By joining the 
axle of the armature with any other machine, mechanical work can 
be obtained from an electric motor. Often times, the main shaft is 
provided with a pulley having a belting arrangement bearing on it, 
which transmits the motion to other shafts. 

The blades of an electric fan are made to rotate by fitting them 
on the axle of the armature of a motor placed inside the outer case. 
Besides this, an electric motor is used in many other cases, such as 
printing machines, tram cars, cinema machines, water-pumps, etc. 

Motors can be worked by alternating as well as by direct current, 
but direct current motors are more conveniently worked, and a direct 
current machine can he worked either as a motor or as a generator. 

Tram Cars. — Tram cars are run by motors. Pig. 94 shows a 


/TROLLEY WIRES 



'RAILS 

Fig. 94— Tram Car 


typical street tram car. The current from the dynamo at the 
power station is conveyed along the overhead line, called the trolley 
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‘wire, to which is touched a small metal wheel fixed at the end of a 
long flexible pole on the roof of the car. The current from the overhead 
iine is conveyed along a wire attached to the pole to the motors 
placed underneath the car. The current then goes to the rails through* 
the wheels of the oar and returns to the power station. The car 
stops whenever the wheel of the pole is separated from the overhead 
wire, or a break is made in the motor circuit. 

80. Transmission of Electric Power. — The current which is 
used in electric lamps, fans, and for other purposes such as driving 
electric motors, etc., is supplied by an electric supply company 
from a power station generally several miles off from the places where 
the current is consumed. The current from the station reaches the 
consumers along wires, or supply mains, as they are called. But these 
' mains have resistances due to which the electrical energy supplied at 
tSe 'station is wasted as heat. • 

It 0 amperes be the current flowing through the mains having 
resistance B ohms, the heat energy produced will* be G^B watts 
and this energy is wSsted. So, for any given current, the loss of 
power in the nyiins will be small, if B is small, which can be secured 
in the following two' ways ; — 

(a) By using materials of low specific resistance, such as copper 
or aluminium, and {h) by using thick wires. 

But the cost of thick wires, especially when the distance is consi- 
derable, would be prohibitive. Again the loss can be reduced by reducing 
G, the current, for halving the current will quarter the lossUs Zoss* C®). 
So, for a given electric power (P = C x V), the current 0 can be halved 
hy doubling the P. D. (F) at which the power is supplied (P^C/2 x 2F) 
Therefore it is economical to transmit the current at a very 
high voltage. But for domestic purposes a voltage much greater 
than 220 is considered dangerous on account of the possibility of 
shocks, short circuits, etc., though for electric railways and other 
commercial work a voltage as high as 440 or 500 is more usual. Thus 
the arrangement should he to transmit the power at high voltages and 
then to convert it to a lower voltage before use. Unfortunately this 
transformation is not practicable with direct current where a voltage 
exceeding 500 or 600 volts is impossible, and for which dynamos and 
motors which should be used are far less efficient and there is much 
difficulty of ensuring proper insulations of wires, etc. Por this reason 
un alternating current — a current which reverses its direction many 
times per second — is generally used for high voltage transmission. 

By means of a '*step up" transformer a voltage can bo raised up, 
and it can be reduced by a 'step down” transformer. At Niagara 
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Falls the current is generated by water power at a voltage of 2,000 — 
12,000 volts, which is then raised to about 100,000 volts and trans- 
mitted to distant stations, where it is reduced to the voltage which 

safe for domestic use. At Sierra Nevada in 'California, a high 
voltage power — even above 220,000 volts — has been possible to generate 
by alternating current which is transmitted to a distance of about 250 
miles to Los Angeles 

For supplying electricity for domestic and other similar purposes 
to a small locality, the energy can be generated by a Direct Current 
Generator or by an Alternator. The alternating current can bo recti- 
fied into a direct current by a motor generating set. The long wires 
leading from the power station and running throught the locality are 
called the mains, one of which, in the case of direct current supply, is 
at a higher potential and is called the positive wire, while the other 
is kept at a lower potential and is called the negative wire. In the.crse 
of alternating current supply, the current frequently reverses its direc- 
tion and so there is no fixed positive or negative wire, each wire being 
alternately at a higher and a lower potential w^j,th respect to the other. 
This variation of potential per second is called the frequency, or simply 
the cycle, of the alternator. The common frequency in most towns’ 
supply (A. C.) is 50 cycles per second and it is described as “210 
volts, 60 cycles,” but frequencies of several million cycles per second 
are possible in wireless circuits. It should be noted here as a word 
of caution that an alternating current is more dangerous than 
direct current at the same voltage. 

When an A. C. supply is described as ‘*210 volts, 50 cycles”, the 
actual voltage changes from 0 to about 300 volts one hundred times 
a second, so it is really more dangerous than the voltage described, 
i.e. 210 volts. 

81. Advantage of A C. Supply. — An alternating current 
can be transformed by a suitable transformer (Art. 78) to a smaller 
Current at a higher voltage, or vice versa, with very little loss of 
energy, which is not possible for a direct current (D. C). For 
example, an A. 0. can be transformed down to run a 6 volt lamp, 
and again it can be raised up to 100,000 volts. Most power-stations 
use A. G. supply, because electric power can be transmitted at high 
voltages with far less loss of energy than at low ones, which can be 
transformed to convenient and safe voltages to be used anywhere. 

The disadvantage of A. C. is that it cannot be used in electro- 
lysis and charging batteries, though it is as good as D. C. for heating 
and lighting purposes. 

82. Dangers from Electricity, — A large number of fires are 
very often due to defective insulation upon electric-light wires. When 
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the insulation of an electric fixture wire, as, for example, a lamp cord, 
has been damaged, the two bare wires may come together, which ‘may 
set many materials on fire in an instant. Bodily harm also very 
K frequently occurs from electricity, which may produce fatal results. 
A bare wire carrying currents at 110 volts or 220 volts pressure may 
somotimeB he handled safely if the skin where the wire touches is 
perfectly dry, or if the person’s shoes are dry (or have rubber soles). 
But, if the hand be wet, or if the person stands on a damp floor, the 
result may be fatal, as enough current may pass through the heart to 
paralyse it. The resistance of the human body is about 30,000 ohm, 
but most of it lies on the skin, which again, may bo as low as only 
20b and 300 ohms when the skin is wet, and under such circumstances 
fatal shocks have been known to be caused even by 100 volts. 

Generally, currents at 220 volts (or still higher) pressure are always 
dangSious. Birds are very often seen to be on tjie street trolley 
wires and then fly away safely because they have made no connection 
* to the earth. Similarly, you can safely hang from the same wire 
without establishing any^path for the current to pass on to the earth 
lihrough your body which would prove fatal. 

Example.— kilowatts are transinitied at 60,000 volts through a cable of 
resistance 0‘109 ohm per mile The diameter of the cable is O' 455 inch. Find the 
loss of power per mile of cable. 

Whai would be the diameter of the cable required if the same power were 
transmitted at 200 volts in order th it the power lost per mile should note change. 

Power lost** K x C** C®/- watt. Here G— amp. 


Hence p(3wcr loat ])cr mile** (*25J“ x 0*109 = 68*1 watts. 

For fcmnsmittiu^ tliis power at 200 volts, the current required = 

7,500 amp. If r in. be the radius of the required cable, its area of cross- 

( 0*455 \* 

■ — I sq. in. 

( IT X (0*455)® . ) 

So the resistance of the new cable** J - , - g - X 0'109 r ohms. 

( 4 X irr” • 

Power lost- (7500)8 X0109 ] -68-1 watts, 

whence r — 68 in. ; or the diameter of the required cable = (68 X 2) in. = 186 
in. = 11 ft. 4 in. (Of course a cable of this diameter is impossible to use). 

31 (II) 
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Arti. 72 & 73. 


Questions 


V 1. A railway carriage is lit up from a 15 volt battery » by 12 lamps each 
taking 1*5 alnps. and arranged in parallel. Find the resistance of a lamp and 
total power used in lighting the compartments. (Dac. 1984) 

[Ans : 10 ohms ; 270 watts.] 

2. Describe an electric glow-lamp, (a) Why does the filament of, the 
lamp become hot while the wires leading to it remain comparatively cold ? 
(h) An electric lamp is marked '40 watts, 200 volts’. Explain these terms. 
What will be the strength of the current passing through its hlment ? 
(c) 'The current consumption of such a lamp is one unit in 25 hours. ’ 
Comment on the statement. (G. U. 1982) 

[Hints.— (a) This is because if r (see Art. 46). (h) The marking on 

the lamp means that when the lamp is run on a circuit which maintains a 
F. D. of 200 volt^, the electrical energy is consumed at the rate of 40 joules 
every second or 40 x 10'^ ergs per second. • 

Ans : C - 0*2 amp. ^ 

(c) The lamp burning for 25 hours would consume (40 x 25) watt-hours 
40 

” 1000 ^ ^ kilowatt-hour. This is the Board of Trade Unit (B. T. U.) 

of current consumption (see Art. 50) and hence the above statement]. 

8. Why is an electric light bulb made air-tight and free from air ? 
Account for the rise of temperature in the bulb when the current is turned on. . 

(All. 1929) 

4. What is a fuse wire ? Why is it inserted in practical electrical 

circuits ? (Pat. 1941) 

5. Ten 220 volt half- watt lamps are installed in a house. Find out the 

resistance of the combination, the candle power of each lamp being 50. Find 
out the number of units (kilowatt-hours) consumed in a month of 80 days, 
if the lamps burn 5 hours a day. (All. 1929) 

[Ans : 87*5 kilowatt-hours]. 

Art. 74. 

6. Describe in detail with neat sketches the component parts of the 
•electric bell ? 

(C. U. 1925, ’28, ’30, ’48. ’45 ; Pat. 1921, ’31, ’32, ’40, ’47 ; All. 1920, ’24) 

What kind of cell will you ude for working such bells ? 

In a certain factory steel was once used by mistake instead of soft iron 
-to make the cores of an electro-magnet for some bells. What should be the 
matter with the bells ? (Pat. 1924) 
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[Hintf.— As the steel core will not readily demagnetise itself after the 
current is stopped, the armature will be held up by magnetised .steel core and 
will not easily move to-and-fro, and so the bell will not work properly.] 

V Art. 75. 

7. Explain the principle of the electric telegraph. 

(G. U. 1915, 30 ; Pai 82, '44, ’47) 
Draw a diagram of Morse’s Sounder. (C. U. 1926) 

Art. 76 

8. Carefully explain the use of the microphone and telephone in the 
transmission of speech by elecfcricity along wires. (Utkal 1948 ; Pat. 1920, 

• ’25, ’27 ; Of. ’42 ; Of. U. P. B. 1947) 

9. Explain the action of a telephone with the help of a diagram. 

(C. U. 1920, ’21, ’24, ’25, ’26, ’28, ’30 ; Pat. 1931, ’44 ; All, 1922, ’24, ’28) 

10*. * Explain the construction and working of a Bell’s telephone, and draw 
a plan of simple telephone connections between two stations. (Pat. 1980, ’39) 

. 11. Explain, giving r^at diagrams, a telephone system, and state the 

/unction of each part. (Pat. 1937 ; Cf. C. U. ’40) 

12. Write shdrt notes on the following : — 

(a) telephone, (5) microphone. (C. U. 1938, Of. ’42) 

13. Explain the principle and action of any two of the following : — (a) A 
calling bell ; (b) A relay ; (c) A carbon microphone transmitter. (Pat. 1944) 

• 18(a). Describe and explain with the aid of neat sketches how sound can 

be transmitted from one place to another through a metallic wire 
electrically. (Utkal 1947) 

Art. 77. 

14. Describe the construction and action^of a dynamo. 

(All. 1920, ’21, 29 ; Pat. ’44) 

(a) Describe a simple method of obtaining an alternating current. E[ow 
would you proceed to change the alternating current to a direct current ? 

(C. U. 1947) 

15. Explain how the phenomenon of electro-magnetic induction has been 
.utilised in transforming mechanical energy into electrical energy. 

(Pat. 1986) 

Art. 78. 

16. Describe how to move a wire forming part of a closed circuit in the 
earth’s magnetic held so as to induce a current along the wire, and how to 
move it so that there may be no induced current along the wire. 

If it be moved the same distance but twice as fast oni one occasion as on 
iinother, what is the relation between the currents produced in each case ? 

(Pat. 1926) 
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[Hints — (a) (See Art. 78). No current will be induced along the wire^ 
if it is raoved along the direction of the earth’s total intensity (See Fig. 43, 
Part V). ih) The current in the second case will bo increased twice] . 

17. Write a brief essay on electricity in the service of* man. (C. U. 1944) 
Art. 79 

Describe an expcriiiiont to show that a mechanical force acts on a current 
conveying conductor, situated in a magnetic field. Show how this force is 
made use of in a direct current motor. (C. U. 1949) 

{See also Art., Fig. 24) 

18. Write a short note on “electric motor.” (C.U. 1938, ’42 ; U. P.B. 19^43) 


CHAPTER IX 

Cathode Rays : X-Rays and Radio-activity 

83. Electric Discharge through Gases. — With an induction 
coil the sparks pass between the terminals of the secondary, only when 

the two terminals are" 
close enough. For 
example, a difference of 
potential of about 20,000 
volts between the termi- 
nals is necessary for 
sparks to pass through 
a length, or spark-gap 
as it is called, of 1 cm. 
between the terminals. 
The potential difforenoo 
(sparking potential) de- 
pends upon the length 
of the gap. The spark- 
' ^ ing potential should be- 
in creased with the length 
Fig. 95 — Discharge Tube. Phenomena of the gap. This is be- 

cause air and other 
gases are good insulators under ordinary conditions ; and so high 
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electrical pressures (which tan be obtained by an induction coil or an 
induction machine, such as a Wimshurt machine) are required in 
•order to set up a discharge through them. 

84. Discharge tube phenomena — If air or any other gas is • 
enclosed in a glass tube having two aluminium electrodes attached 
in platinum wires sealed in through its ends [Fig. 95 (i)] which 
are joined to the two terminals E and F of a powerful induction 
coil, no discharge will pass through the gas under ordinary condi- 
tions. If, however, the tube is gradually exhausted through the side 
tube T by means of an air pump, the insulating power of the enclosed 
gas will be gradually more and more reduced and the following pheno- 
mena will be observed successively. 

(1) With reduction of pressure within the tube, when the pressure 
.falls to about a millimetre of mercury and the voltage across the elec- 
trodes^ just maintains a current, there will bo no yisible discharge 
within the tube, but there will a luminosity confined to each 
olectnode. This is known as Dark discharge. 

(2) With further fail in pressure, a brilliant discharge will fill the 
whole of the tube stretching from the anode A (electrode connected to 
the positive terfninal F of the induction coil) almost up to the cathode 
E (electrode connected to the negative terminal F), This is called the 
positive column [vide Fig. 95 (i)l. The colour of the discharge de- 
pends on the nature of the gas enclosed. With air the colour is 
red. 

Ordinary Geissler tubes [Fig. 95 (a)| are tubes of thisnature. These 
tubes are of various forms and show 
beautiful colour effects when an 
electric discharge is passed through 
them. Such unbroken bands of light 
in a positive column are commonly 
used now-a-days in evening advertisements. 

(3) . When the pressure is reduced to about half a millimetre, the 
luminosity of the gas diminishes, and the positive column breaks down 
intu a number of luminous discs, called striations, disconnected from^" 
■each other by regular dark intervals. At this time a bluish patch of 
light appears around the cathode, which is called the Negative glow (N). 

The negative glow appears distinctly separated from the striations 
by an ill-defined dark space F\ which is called the Faraday dark 
apace [see Fig. 95 [ii)] 

(4) With further reduction in pressure, the whole series consisting 
of the striations, the Faraday dark space, and the negative glow pro- 



Fig. 95(a) 
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oeedB towards the anode, and gradually a stAge comes when the negative 
glow gets detached from the cathode leaving another dark space C in 
between ; this dark space is referred to as the Crooke’s dark space. 
^ At this stage the cathode itself is left covered up with a pale velvety 
*glowG, called the cathode glow [see Fig. 95 (m^]. The number of 
striations at this stage is also small. 

(5) With further reduction in pressure, when, say, the pressure 
falls to iO~‘to 10'^ mm. of Hg., the Crooke’s dark space fills up the 
whole of the tube and the inside surface of the glass- tube becomes 
fluorescent, the colour of fluorescence depending on the composition of 
the glass. It appears bright green with soda-glass and blue with lead 
glass. At this stage of vacuum a beam of invisible rays is shot out 
normally from the cathode proceeding towards the anode. These rays 
have been carefully tested and they have been found to be nothing but 
a beam of electrons (negatively charged fundamental particles) ^which 
are constituents of all chemical elements. These have been called 
Cathode rays. The path of the rays maV, however, appjear slightly 
violet due to fluorescence of the residual gas njolecules by collison with 
the rays. 

When the tube is rendered almost a complete vacuum, no P. D., 
however great, can cause a discharge to pass from one electrode to 
the other through the inside ot the tube. The discharge tends to pass 
across the outside of the tube. 

The phenomena connected with the discharge through gases were ^ 
first investigated by Sir W. Crookes, and afterwards by Sir J. J. 
Thomson, and other workers also have made various constributions to 
the subject. As a result of their investigations the properties of the 
cathode rays may be summed up as follows : — 

Cathode rays. — When the pressure within a discharge tube is of 
tbe order of 10"^ to 10 mm. of Hg., and a current is maintained by 
the P.D. applied between the anode and the cathode, the whole . of the 
tube appears dark except at the walls on which a fluorescence is visible 
whose colour varies with the composition of the glass-tube. In testing 
the origin of this fluorescence, Crookes, Thomson, and others have 
come to the conclusion that this fluorescence is caused by an invisible 
beam of negatively charged particles which are shot out normally from 
the cathode. Such beams are called cathode rays. The average mass of 
each particle is 9 10'^^ gm. or roughly tvzu of an H-atom, carrying 

a charge of 4'77 E.S. Units. No smaller charge, or a smaller mass, 

has been insolated ' even to-day. Their nature has been found to be 
exactly the same, whatever is the gas used. So it is believed that 
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they are one of the fundazAental particles with which all matter is 
composed, and as a matter fact ^ 

they are nothing but electrons. 

Properties. — (i) The rays 
consist of an invisible stream of 
minute particles each carrying 
a charge of negative electricity^ 



Fig. 96 




which can be proved by placing inside the discharge tube (having anode 

A and kathode K) a hollow metallic 
vessel B connected to an electroscope, 
placed outside, by means of a platinum 
wire fused into the tube, when the 
leaves of the electroscope will be found 
to diverge with negative electricity 
[Fig. 96 J. These negatively charged 
particles are termed * electrons (see 
Art. 7, Part VI), which have been 
shown to be the constituents of the 
atoms of all matter. The charge on 
• an electron has been found to be 

477x E.S. umts. 

(u) These negatively charged particles travel in straight lines from 
the cathode with high speed varying from lO® to 10^® cms. per sec., 
i.e. from i^th to ^rd the velocity of light. This may be demonstrated 
by placing a metallic obstacle [aluminium cross, Fig. 96 (a)] in the 
* path of the rays, when a well-defined shadow is thrown on the glass 
behind it. 



(m) The particles striking the inner surface of the 
glass tube cause it to glow with a greenish fluorescent 
light. 

(iv) The cathode rays always heat the material upon 
which they fall. If the rays which are emitted normally 
from a cathode K of spherical shape are concentrated 
upon a thin sheet of platinum P placed at the centre 
of curvature, the platinum may be heated to redness. 

(v) The cathode rays falling on the upper portion 
of a paddle wheel W of mica placed in a vacuous tube 
provided with glass rails G will cause it to roll along the 
rails, showing that they exert mechanical pressure by 
virtue of their kinetic energy [Fig. 96(c)]. 

• 

(vi) They are deflected by a magnetic as well as by an 
electrostatic field. 



Pig. 96(b) 
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The rays from the cathode are allowed to pass through a brass 
be in the same discharge tube. Tf a strong magnet is brought near 

the tube, the bright patch of 
light passing through the * 
hole is seen to be deflected, 
the pencil of rays be having 
as if it were a flexible wire 
carrying an electric current 
flowing towards the cathode, 
and the direction of deflection 
being that in which a 
stream of negatively charged particles would be deflected. 

The rays can also be deflected by allowing thorn pass through a 
strong electro-static field. 

(vii) The mass of an electron has been found by recent i?(p&i- 
ments to be tVtu of the mass of a hydrogen atom, and the charge on 
an electron is 4‘77 x C.G.S. electro-static units. 

(via) The rays can ionise a gas. — When these rays pass through 
the gas, the gas molecules break up into positively , and negatively 
charged ions. When an electric field is applied, the ions move to 
opposite electrodes and thus render the gas conducting. 

{ix) Lenard has shown that cathode rays can pass through thin 
sheets such as of aluminium, gold, silver, etc. 

85 Positive rays. — During discharge in a cathode ray tube,* 
another type of rays has been discovered travelling towards the cathode, 
that is, in a direction opposite to that of the cathode rays. This was 
first observed by Sir J. J. Thomson. These rays are called positive 
rays Those are also deflected, though to a smaller extent, by a 
magnetic and an electric field, and from the nature of the deflection it 
follows that they consist of positively charged particles. The mass of 
Iheso particles is found to be almost equal to the mass of the atoms 
of the gas molecules enclosed in the tube. 

86. X-rays. — Prof. W. Rontgen of Wurzbiirg discovered in 1895 
that when cathode rays proceeding with enormous speed strike the 
glass wall of an almost completely vacuous discharge tube, it emits 
another kind of rays having remarkable properties. These are called 
X-rays, because their nature was unknown in the beginning, or 
Bdntgen rays, after the name of the discoverer. 

Action. — In a mpdern X-ray tube (Fig. 97), the cathode rays in 
an evacuated bulb proceeding from the surface of a concave cathode 
are concentrated on a target, called the anti-cathode, of a very hard i 
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metal such as tungsten whic*h has a high melting point. The anti- 
cathode is usually placed at an angle of 45° to the axis of the incident 
cathode rays. The Cathode rays (electrons) strike the anti -cathode, 
which thereby becomes a source of X-rays. These X-rays consist of 

electro-magnetic waves, or pulses, 
each resembling a wave of light 
radiating outwards in straight lines 
and passing undodocted through 
the glass walls of the hibes. 

(a) X-ray Tubes — These may 
be divided into two classes ; 
(a) gas tubes, (h) electron tubes, or 
Coohdge tubes. 

(i) Gas-tube. — It is an eva- 
cuated spherical glass tube provi- 
ded with three projecting side 
tubes, (as showm in Pig. 97) each 
of which has got a metallic electrode sealed into it. One electrode 
^’hich serves as the cathode consists of an aluminium disc, just 
opposite to whifb there is the anode. Between the cathode and 
the anode there is another electrode, called the anti-cathode, which 
is made of some heavy metal, usually of platinum or tungsten, so 
that it may not bo fused by the heat generated by the impact of the 
cathode particles. Hence in some tubes, which are used continuously, 
there is an arrangement for cooling the anti- cathode by circulating 
Water round it. 

(ii) Coolidge Tube. — In this tube the electrons are not generated 
by the cathode as such, but by a filament C of tungsten wire which 
forms the cathode, and 
which is maintained at 
red-heat by passing a 
current through it. When 
a potential is applied 
between the cathode C and 
the anti-cathode A, the 97(a) 

electrons emitted by the 

red-hot tungsten loop impinge on the anti -cathode and thereby X-rays 
are emitted. The cathode stream thus produced can be focussed to 
a fine spot on the anti-cathode by surrounding the cathode with a 
molybdenum shield M. The tube is exhausted as completely as 
possible. 

The hardness of the tube can be adjusted by adjusting the applied 
voltage. One advantage of this tube is that no cooling arrangement 




Pig. 97 — X-ray tube? 
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is neoessary in this tube as tungsten has got a very high melting 
point and the anti-cathode is made very massive. The P. D. applied 
between the electrodes being always greatly in excess of what is called 
the Saturation Potential, the current through the tube depends only on 
the electrons emitted by the filament, which again is governed by the 
temperature of the filament. This can be controlled by means of a 
rheostat placed in the circuit of the filament. Thus the current in the 
circuit can be regulated independently of the P.D. across it. That ist 
the intensity of the beam can be varied without altering the hardness 
of the rays. Besides this, due to its simplicity of construction, this 
tube is preferred to* the other forms known as gas tubes. 

(b) Nature of X rays. — X-rays are of a nature similar to ordinary 
light, both consisting of electro-magnetic waves in ether, but in the 
case of X rays, the waves are of exceedingly short wave-length, ^even 
far beyond the range of ultra-violet rays. The range of the wave- 
lengths of visible radiation is from 4000 to”8000 A. U., while that for 
ordinary X rays varies from 1 to 3 A. U. The rays having a very high 
penetrating power are called hard X-rays, ^hile those possessing less 
penetrating power are called soft X-rays. 

(c) Properties of X-rays. — 

(i) Like cathode-rays X-rays are invisible to the human eye, but 

unlike the cathode-rays they consist of waves, the wave-length of 
which is much shorter — about TfuW of that of visible light. • 

(ii) X-rays penetrate easily through most of the solid substances 
which are opaque to ordinary light, such as aluminium, flesh, leather, 
wood, paper ; but substances like bone, and denser metals like lead, 
are opaque to X-rays. So it is possible to obtain a picture of the bones^ 
through the flesh with the help of X-rays falling on an X-ray plate. 

The distance to which they can penetrate a substance is only 
approximately proportional to the density of the substance, but it 
depends actually on the atomic numbers of the elements in the 
substance. For this reason even fairly thin layers of such elements 
as lead, barium and bismuth, or their compounds, are opaque to X-rays. 
Soda glass is transparent but lead glass is opaque to X-rays. 

{Hi) They affect the photographic plates (silver-salts), and certain 
other chemical compounds — especially barium platino-cyanide— which 
becomes fluorescent^ A photographic plate is also affected by ordinary 
light ; but ia the case of X-rays the plates will faMt equally affected 
even if it is kept in an envelope of thick black paper. 
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A screen, prepared by painting barium platino-cyanide on a thick 
sheet of paper, held in the path of X-rays with the painted side^^ 
towards the observer, glows with a 
^^|uish phosphorescence. If a hand 
be placed between the source of 
X-rays and the screen, a well-defined 
shadow showing the details of bones 
will be visible on the screen (Fig. 98). 

Similarly, if a purse with coins in 
it be held between the X-ray bulb 
and the screen, the coins will be 
visible through the purse If a 
covered photographic plate be substi- 
tuted for the barium platino-cyanide 
screqp,^ a photograph is obtained 
in the" ^sual manner on develop- 
ment of the plate. Such a photo- 
>j|(raph is called a radiograph, 
y^g. 98 shows the X-ray pfate of the 
hand of a persoji with a copper 
pice under it. 

(iv) X-rays passing through air 
or any other gas have the property of rendering it a conductor of 
electricity, i.e. they can ionise a gas through which they pass. 

• A small portion of the molecules of a gas gains or loses electrons 
by collision or otherwise under ordinary conditions. These charged 
molecules are called ions (see also Art. 57), the number of which can 
be greatly increased when the gas is exposed to X-rays. The gas then 
becomes a good conductor of electricity. This process is known as 
ionisation. 

iv) They are not deflected by electrical and magnetic fields ^ 
proving that they are not charged particles and so not of the same 
nature as cathode rays. 

(vi) They cannot be reflected or refracted by ordinary means, 
but reflection and diffraction have been possible by passing the raya 
through crystals wherein the arrangement of atoms is far closer and' 
the surface far smoother than can be produced artificially. 

(d) Application of X-Rays. — There are various applications of 
X-rays of which only a few are given below : — 

In Medical Science. — In medical science X-rays have been or 
great value in discovering broken bones, or fractures, locating foreign 



Fig. 98. 
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bodies, patches in the lungs, etc. Occasiobal exposures to X<rays are 
sometimes used for cure of Cancer and other malignant growths. They 
are also used in watching the beating of the heart, in following food 
through the digest! v^e tract, and also in detecting uUers of the roots of 
the teeth. 


In Industry. — They are used for discovering flaws in metal 
castings and other metal preparations, in defective weldings, hidden 
corrosion, etc. They are used in the examination of crystal structure, 
and they help jewellers in distinguishing true from false gems. 

In Detective Department.— They are used by customs- oflicials 
in detecting smuggling. Any banned material kept in metal or wouden 
baggages are detected by passing X-rays through them. 


87. 


r-roy. 


Radio-activity. — In 1816 Henri Becquerel, a French 
Chemist, found that a photographic plat^ wrap- 
ped in black imper was afTected by the mineral 
Uranium placed over the plate and left for some 
time in the dark. This property was seen to bo 
common to all the uranium compounds. This 
is due to some kind of radiation emitted by the 
uranium. A substance which emits such 
radiations is said to be radio-active, and the 
phenomenon is called Radio-activity. Shortly 
after this, Madame Curie discovered a substance 
(which she named radium), which exhibits the 
ladio-active properties to a remarkable degree. 

It has been shown by Prof. Rutherford, 
radiations emitted from radio-active substances are 



in 1899, that the 
of three types (Fig. 99). 


(1) Alpha-rays («(-ra//s) — These are positively charged particles 
and are deflected by a magnetic and an electric field. Such particles 
have been identified to be nothing but doubly ionised helium atoms. 
They have some penetrating power but their power of ionisation is great. 

(2) Beta-rays (P-rays) — These are negatively charged particles 
(electrons) projected with very great velocity. They have lesser 
ionising power than aC-particles but their power of penetrability is 
much greater. 

(3) Gamma rays {y-rays) — They are neither deflected by an 
electric field nor by a magnetic field. They are not charged particles 
but they closely resemble X-rays and have much greater penetrating 
power than the i^-rays or the X-rays. 
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Cosmic-rays : — It is now 6rmly established that the conductivity 
of the atmosphere increases with altitude and there is no difference in 
values between day and night. This is due to a radiation far more 
\penetrating than even the hardest y-rays, which reaches the earth from 
outer space uniformly from all directions. The name cosmic rays has 
been given to it. In the eartli’s atmosphere, these radiations have 
been found to be a mixture of electro-magnetic radiations, electrons and 
positrons. The penetrating component of these radiations is at present 
thought to be due to corpuscles of mass intermediate between the 
electron and the proton — abaut 150-250 times the electronic mass. 
Thq^se particles are called mesotrons or mesons. The charge associated 
with a meson may be either positive or negative. The particle is very 
unstable and readily breaks up into an electron or positron and a 
protoji. J^xperiments go to confirm that the electronic and penetra- 
ting* rjijjliations are only secondary radiations which originate from a 
primary incident radiation of positive corpusles from outer space, 
^eans amd Eddington suppose that these radiations are the outcome of 
■ % continuous transformation of mass into energy somehow taking place 
1 the glowing nebulae while Blackett is of the opinion that these 
radiations have# been present since the origin of this universe 
and is persisting by’ successive reflections from the boundary of the 
universe. 


Questions 

* Arts. 84 and 86. 

1. Describe the general character of the discharge in a vacuum tube. 

2. Show how Cathode rays and X-rays may be obtained, and mention the 

characteristics of these rays. (C. U. 1949) 

3. Describe briefly what happens when nn electric discharge is ])assed 
through a vacuum tube in which the pressure is being gradually reduced. How 
do you prove that the discharge from the cathode consists of charged , 
particles *? What are Crooke’s dark space and Faraday’s dark space ? 

(C. U. 1933, ’36, ’39). 

4. A glass tube having .t, side tube connected to an air-pump is fitted 

with two electrodes at the two ends. How would you arrange to pass an 
electric discharge through the tube ? Describe what happens when the dis- 
charges are passed with the exhaust pump running. (Pat. 1936) 

5. Write a short essay on “X-rays”. (U. P. B. 1947) 

5(a), Epplain briefly how X-rays are produced. (All. 1926, ’29, ’32) 

6. Describe an X-ray bulb and explain how it is wo];ked. Mention some - 

of the properties of the X-rays. (C. U. 1984, ’38. ; Of. 49)’ 
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Wireless Telegraphy and Telephony 

88. Carrier Waves. — We have seen that in the case of the 
-ordinary telephony, a current of electricity passes between the trans- 
mitting and receiving stations, and this current acts as a carrier of 
' pulsations which make the diaphragm of the receiver to move in unison 
with that of the transmitter. But how is sound carried in wireless 
telephony ? We know that sound is produced by the mechanical 
vibrations of material things and is carried through the air by waves, 
which, falling on suitable bodies at some distance, generate exactly 
similar vibrations and thus reproduce the same sound made, at the 
source. Owing to rapidly increasing area over which sound-wave 
spreads, as it radiates from the source, the intensity of the wave be-, 
comes rapidly diminished, and so sound pannot be transmitted to a 
very long distance. By the use of electricity, however, ordinary 
restrictions of distance have been overcome in the. transmission of 
sound ; and though in wireless telephony no electric current flows 

' between the transmitting and receiving instruments, as in wire tele- 
phony, its place as a carrier agent of sound fluctuations is taken by 
’ electro-magnetic waves like heat and light waves, but of longer 
wave-length. 

* These electro-magnetic waves, set up in the ether, radiate in all 
directions with the enormous velocity of 186,000 miles per second. 
’The frequency of these electric (ether) waves is about 1,000,000 per 
second, while that of the sound-waves is anything between 50 to 
15.000 per second. The transmitter of an wireless set is an apparatus 
for producing a continuous succession of electro-magnetic waves, known 

- as the carrier waves, by creating oscillating electric currents in an 
earth-connected long wire, called the Aerial. 

89. Oscillatory Circuit. — Before considering how oscillating 

- electric current can be produced, let us take a mechanical illustration. 
Every one must have seen that when a spring door is deflected from 

‘ its normal position of rest and then released, it returns to its position 
of rest, but having acquired some speed it 'overshoots the mark’, and 
cannot stop at its position of rest due to inertia. The door then 
continues to move to-and-fro several times, the amplitude of vibrations 
gradually becoming less until it finally comes to rest. Instead of 
' releasing the door all on a sudden from some distance, it can be 
•:.graduall^ made to stop at its position 'of rest by continually offering 
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resistance to its movement. So it is seen that there are three necessary 
eonditions for this oscillatory movement : — 

^ (l) There must be a return force; that is one which tends to 

Vestore the door to its original position ; or, in other words, it must 
have elasticity. 

(2) It must have inertia. 

(3) The resistance must be low. 

These three conditions must be fulfilled by any type of oscillation, 
and so the above conditions must be met by an electric circuit to be 
oscillatory. The first of the above conditions, i.e. elasticity, is supplied 
by a condenser. A condenser consists of two or more tinfoils separated 
by a dielectric, say glass or mica. 

The •tinfoil merely acts as a means of distributing the applied 
electro- motive force uniformly over the surface of the dielectric. If 
.1(he two'ends of a charged condenser is joined by a conductor of low 
\"^8i6tance, say a thick copper wire, a quantity of electrons, much 
giaater than the required number to discharge the condenser, rush 
in from one of *the jplates to the other, and the charges on the plates 
are momentarily reversed, i.e. the positive plate receives more than the 
required number of electrons (negative charges) to be discharged and so 
it becomes negatively charged, and the negative plate by losing more 
than the required number of electrons becomes possitively charged for 
the moment. Now a quantity of electrons again rush into the negative 
plate, i.e. in the opposite direction, and the charges are again reversed. 
This process is repeated several times like the oscillation of the spring 
door until the condenser is finally discharged, but each time the 
quantity of the electrons transferred is much less than the preceding 
discharge, and in this way electric oscillation is rapidly damped down 
as the oscillatory spring door gradually stops at its normal position. 

Besides the above quality of a condenser equivalent to ‘elasticity’, 
an oscillatory circuit must also possess the property equivalent to 
‘inertia* in ordinary matter in virtue of which every body tends to 
oppose any change of state. If a coil of wire is included in the electric 
circuit, the self-induction of this coil gives * inertia' to the current in the 
circuit ; for when the current begins to flow, there will be an induced 
electro-motive force of self-induction (see Art. 68), which opposes the 
flow ; and, after the current continues to flow, the electro-motive 
force of self-induction opposes the stopping of the current. For the 
same reason that the spring door swings past its position of equili- 
brium, the inertia (self-induction) of the current flowing in any circuit 
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consisting of a condenser and a coil of wire prevents the current from 
stopping at the exact moment the condenser is fully discharged i.e, 
the self-induction of the coil causes it to ‘overshoot* the mark and 
thus the discharge becomes oscillatory, » 

Fig. 100 shows the essentials of an oscillatory electric circuit, which 
consists of a condenser, a coil of wire, and a short spark gap, the two 
ends of which are joined to the terminals of an induction coil. On 
passing a current through the induction coil, a succession of sparks 
will pass through the gap. It has already been explained that the 
discharge of a condenser may be compared to the swinging of a spring 
door, when taken to one side from its equilibrium position and 
released all on a sudden. Due to elasticity the door will continue to 
move to-and-fro several times, the amplitude gradually « becoming less 
due to friction and also resistance offered by air, until it will finally 
come to rest. The movement in this case is oscillatory. Similarly, 
when the condenser is discharged in this manner, the electricity does not 



Fig. 100— Oscillatory Circuit Fig. 101 

rush across in one direction but surges backwards and forwards, first 
charging up one plate and then the other, i.e, the charges are momen- 
tarily reversed, until its energy is damped down and finally exhausted 
by the resistance of the circuit. The current passing between the- 
terminals may be represented graphically by Fig. 10 J. An oscillation 
of this type is called a damped oseillation. 

Of the throe necessary conditions of an oscillatory movement, 
for which a simple arrangement is shown in Fig. 100, low resistance 
in this case of spark discharge is obtained by having the spark gap as 
short as possible, the capacity of the condenser is equivalent to the 
quality of ‘‘elasticity*’, and as a coil of wire has got a bettor inductive 
property, i.e, ‘inertia’, than a straight wire, a coil of wire has been 
introduced in the circuit (Fig. 100). 

Ordinarily electric lines of force connect the plates of a charged 
condenser, but duVing discharge, these electric lines of force collapse^ 
and they are replaced by circular lines of magnetic force lying in 
planes perpendicular to the conducting wire, which are set up by the ' 
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current surging through the circuit. So when an electric discharge 
parses through the spark gap (Fig. 100), the to-and-fro motion of the 
current causes the radiation into space of electric and magnetic lines 
I of force. These groups of electric and magnetic lines of force following 
one another in rapid succession give rise to what are termed electro- 
magnetic waves capable of travelling through space in every direction 
with an enormous velocity, %.e. the velocity of light (186,000 miles 
per second), and hence can reach any part of the world in only a part 
of a second. 

It should be noted that the only difference between the waves set 
up in the above manner and light itself lies in their frequency, the 
number of vibrations per second. So they differ in wave-length and 
in the manner of their detection. These electro-magnetic waves are 
detected by special apparatus, whereas light waves are perceived by 
the feye^nd possess much greater frequency. Their difforences are 
thus merely of degree. 

90 Magnetic and Electric strain in the Ether. (Electro- 
ilagnetic Waves). — In order to understand more fully the radiation 
of electro-magnetic waves by means of an oscillatory electric circuit 
we should consider the condition of the medium where electric osci- 
llations take place. 


We know that a suspended magnet is attracted by another magnet 
and begins to move towards it even when 


^e other magnet is some distance away. 
The suspended magnet must be moving 
due to some force and the force must be 
acting through some medium. If we 
wish to move a body from one place to 



another, it can be done by pushing 
it with a rod or by pulling it by means 


of a rope, that is, in either case there 
must be a medium through which the 
force is transmitted ; and the medium, 
which in this case is the rope, or the 
rod, must be under strain at the time of 
transmitting the force. 

Similarly the force, in the case of 
the magnets referred to, is transmitted 
through a medium which is ether (and Fig. 102 

not air, as the above magnetic phono- • 

men on takes place also in a vacuum), and the ether is strained at the 
time of transmitting the force of attraction from one magnet to the 
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other. The lioes of magnetio force (vide Figs. 24, 25, etc., Fart V) are 
all lines of magnetic strain in the ether by which magnets and 
magnetic substances are affected. In the same manner we have lines 
of electric strain in the ether between two charged bodies, one posi- " 
tively and the other negatively. We have seen in Art. 11 that when a 
current flows in a wire, lines of magnetic force appear round the wire 
in concentric circles. These are lines of magnetic strain in the 
ether, and it should be noted that a magnetic field is created 
by an electric current tn motion^ and there is no magnetic strain 
line in ether when electricity is at rest, though there are electric strain 
lines present. In Fig. 102' a) ether between two charged bodies A 
and B, one positively and the other negatively, is 
electrically strained and there are electrical 
strain lines (indicated by dotted lines) between 
them. Now, if A and B are discharged by a 
spark passing from A to B there will be a flow <o/ 
electricity from A to B (but according to electron 
theory it is from F to il) and so magnetic strain' ^ 
lines will at once app^r round about the path 
of the spark, and it should bp carefully noted 
that these magnetic strain lines (indicated by 
continuous lines) are at right angles to the elec> 
trie lines [Fig. 102 (b)l. 

In an oscillatory circuit, as soon as a dis- 
charge takes place, the electric lines of for%9 
will rapidly contact and so will be in motion, 
thus constituting the electric current, and they 
will give rise to circular lines of magnetic force 
[Fig. 102 (b)]. The discharge being oscillatory the 
charges on the knobs will be reversed and the 
lines of electric force will re-appear with their 
directions reversed. Now at the time of contrac- 
tion, these lines do not approach the rods as 
rapidly as their opposite ends move along them 
and so they will assume a pear shape, as shown in [Fig. 103 (a)]. At a 
later instant the ends of the lines will overlap, as shown in [Fig. 103 (b)], 
and the main length of the line will be separated and thrown off as 
an independent closed loop of electric strain [Fig. 103(c)]. The de- 
tachment of loops constitutes electric radiation. 

In this way 9k series of detached electric loops will travel outwards 
with a velocity of 186,000 miles per second, the direction of the i 
electric strain being opposite in successive loops. These loops in travel- ^ 
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ling outwards with the velocity of light will give rise to loops of mag- 
netic strain which are also in opposite direc tions in consecutive loops. 
The magnetic strain is always at right angles to the direction of the 
^dectric strain (Fig. 104). These two sets of 
strain, electric and magnetic, constitute the 
electro-magnetic wave. This wave is trans- 
mitted with an energy, which is partly electric 
end partly magnetic, in a direction perpendicular 
to the plane containing both the direotionsof the 
electric and magnetic strain. 

pi. Historical. — Sir Oliver Lodge first showed 
that when a spark passed across an air-gap in one 
circuit, another spark jumped across another gap 
in a separate circuit placed at a little distance, 
provide^ the second circuit was “In tune" with 
the first, i.e. the natural frequency of electric 
oscillation of the second circuit was the same as 
thal of the arriving electric waves. In 1B88 the 
imious German scientist Hertz first showed that the disturbance in the 
intervening medium was of the nature of wave motion traversing the 
ether. He generated «^'electro- magnetic waves, detected them at a 
distance, measured their wave-lengths, and also proved that they 
could be reflected and refracted like waves of light. Signor Marconi 
discovered means of transmitting and receiving these electro-magnetic 
waves over long distances. 



Fig. 104 
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92. Transmission of Electric Waves. — Fig. 105 represents a 
simple wireless transmitting circuit. At each 
discharge along the spark gap S, obtained by 
the induction coil I. C., oscillations occur, 
due to which electro-magnetic waves are 
generated and emitted by .the aerial A, which 
travel through space with the velocity of light. ' 
By altering the capacity of the condenser C 
and also by altering the number of turns of 
wire in the coil, i.e. the length of the coil, 
included in the oscillating circuit, the fre- 
quency, and hence the wave-length of waves 
generated, can be changed and thus 
the circuit can be *tuned’ (see Art. 98), 
as it is called. If a key is included 
in the battery circuit of the induction coil, sparks can be 
generated by means of it ; the number of these sparks depends 
on the duration of the depression of the key and signals based on these 
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Fig. 105 — Transmit- 
ting circuit 
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sparks can bo transmitted, as done with the Morse code in ordinary 
telegraphy (Art. 75). Marconi first showed that in order to increase 
the radiating property of the circuit by sotting up much stronger 
waves by a comparatively smaller strength of curreift, t.e. to radiate" 
out more energy in the form of waves so that the waves 
are capable of detection at greater distances, one plate of. 
the condenser should be connected to a long wire, called the aerial, 
and the other to earth, as shown in Fig. 105. It is found that the 
long wire itself can serve as one of the plates of the condenser, so the 
aerial and the earth may be considered to form two opposite })lates 
of a huge condenser. • , 


93. Wireless Telephony. — Wireless telephony which is the art of 
wireless transmission of speech or music has been possible owing to the 
discovery of methods for generating electro-magnetic waves \fKic?i are 
uniform in amplitude and not broken into isolated groups as those gene- 
rated by sparks. Such waves are termed Continuous undamped - 
waves. Because of thir uses in the transnUssion of speech or music, 
they are also called Carrier waves. The difliculty with the spark-method 
of transmission is that the note due to the spariss themselves will 
be always audible in the telephone of the receiving circuit ; for, the 
sparks to be inaudible have to be produced at a frequency greater 
than 16000 which is impossible to be attained in practice. Moreover, 
sparks being intermittent in character are incapable of transmitting 
the continuous waves which are characteristic of sound. • 

If the wave-form characteristic of any note can be superimposed 
upon a system of radiating electro-magnetic waves of the continuous 
type, then wireless telephony becomes a possibility. The process 
is called Modulation. The continuous electro-magnetic waves may ^ 
be generated from an. aerial by using a Poulson arc system, or by means 
of triodo valves, the latter method being almost universal (Art. 97). 
The characteristics of the sound may be superposed on the carrier 
waves by the following simple method. 

Suppose a microphone is directly inserted in the aerial of an 
wireless transmitter ; any sound-waves falling on the diaphragm of 
the microphone will cause fluctuations in the current oscillating in 
the aerial but it will not alTect the frequency and wave-length of the 
radiated waves. These modulated waves will cause similar fluctuating 
currents to be produced in the receiving aerial of a distant station 
and the receiving telephone will reproduce the original sound. The ( 
above method of inserting the microphone directly in the aerial is 
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applicable with small currents only in the aerial. Other methods 
are used in modern broad-casting stations. 

93 (a). Tuning. — We have seen in Art. 35, Part III, that if two 
tuning forks mounted on resonance boxes have the same frequency 
of vibration, that by striking one of them the other responds in 
sympathy. This phenomenon of resonance is duo to the fact that 
sound-waves starting from the first fork impinges upon the second 
one, which gives out waves of the same frequency : but the second 
fork will remain unaffected, if the frequency of the impinging waves 
is different. 


The same thing happens also in the case of electro-magnetic 
waves. When these waves cut across and pass beyond the aerial 
of a receiving stacion, an E. M. F. is set up in the long wire, as 
we lyiow that when a conductor cuts across a number of magne- 
tic line#of force, or magnetic lines of force cut across a fixed conductor, 
an induced E. M. F. is set up in the conductor. The direction of 
the •induced E. M. P. will be rapidly changing owing to the rapid 
change of direction of fnagnetic lines of force. This oscillating 
E. M. F. sets up a feeble oscillating current in the aerial. In order 
that the receiving circuit may respond etficiently to the incoming 
waves, it is necessary to adjust it so that the natural frequency of 
the circuit as a whole corresponds with the frequency of the waves, 
or, in other words, the aerial and other parts of the circuit should 
be properly ‘tuned.’ 


• 94. Reception of Electric Waves : Crystal Receiving Set. — 

Fig. 106 represents a simple receiving set which contains three 


essential parts, namely, the aerial the 
rectifier 1), and the telephone T. Tn the 
aerial, oscillatory currents are set up by the 
incoming waves. These induce oscillations in 
the coil of the second oscillatory circuit, which 
is to be ‘tunned’ with the oscillatory circuit at 
the transmitting station, that is, the capacity 
and inductance of the circuit are adjusted so 
that the natural frequency of the circuit as a 
whole corresponds with the frequency of the 
incoming waves. As the telephone included in 
the circuit will not respond to all such rapid 



alterations of current of the oscillating circuit, 
certain crystal, such as Galena or Carborun- 
dum, is included in the circuit, which conducts 


Fig. 106 — Crystal 
Jleceiving Circuit 


electricity in one direction only. Thus the crystal acts as a rectifier 
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by converting the oscillatory current into a unidirectional currentr 
which acts on the diaphragm of the telephone and produces sound. 
Thus the telephone converts the variations of the unidirectional 
current into sound. The process of converting a high frequency 
oscillatory current into a unidirectional curreht is known as 
rectification. 
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95. Thermionic Valve. — A thermionic valve is an essential part 
of all modern wireless sets. The Fleming Valve, a discovery of 
Dr. J. A. Fleming in 1904, consists of a vacuum 
f electric lamp with its tungsten filament (F) sur- 

' 1 rounded by a hollow cylinder of copper or nickel (P) 

supported from a platinum wire sealed through 
the glass (Fig. 107). Conventionally, this metal 
cylinder is represented by a flat plate placed aboye 
the filament as in Fig. 108. The filament \s ^uch 
that it can be made incandescent by two or three 
accumulators. 

Action of the Fleming Valve. — To understand 
the action of the valve it is only necessary to 
remember that a current through the filament means 
Fig. 107 of millions of electrons along it at an 

enormous speed : the speed being very great, some of the electrons 
escape from the filament just as particles of steam are evaporated from 
the surface of heated water. The space around the filament thus 
becomes more or less occupied by the emitted electrons. This 
constitutes what is called the Spcuie-charge. Suppose, then, that t, 
positive charge be given to the plate. Some or all of the electrons 
in the space-charge will be attracted to the plate. This flow of 
electrons towards the plate is eqi valent to an ordinary electric current- 
in the opposite direction. If the plate should be charged up negatively, 
the electrons would be repelled and no current will pass. If the 
potential given to the plate due to positive charges be gradually 
increased, the electronic current will also increase more and more,, 
electrons being attracted to the plate ; but ultimately, a potential 
may be attained when all the electrons emitted by the filament will 
be attracted to the plate at the rate at which they are emitted and 
tlfe current will assume a limitting stage when the current will not 
increase any further on further increasing the potential. This value 
of the potential of the plate is ordinarily referred to as the 
Saturation potential. The valve is called a thermionic valve because 
its action depends on the electrons, i.e. particles charged with electri- 
city, emitted from' a hot filament. 

In Fig. 108, it has been shown bow the positive charge on the 
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plate P may be maintained by connecting it to the positive terminal^ 
(through the galvanometer G) of a battery 
of cells B, the negative of which is connected 
1 .jrtp the negative of a battery A used for heating 
uhe filament F. As explained above a current 
will pass through the plate circuit, the circuit 
between the filament and the plate being 
completed by the electrons emitted by the 
filament. This current will be readily detected 
by *the galvanometer O. Suppose now, the 
battery B is reversed having its negative termi- 
nal • joined to the plate. There will be no 
current flow now, because the electrons will be repelled by the nega- 
tive charge of the plate. 

l^us the lamp allows the current to pass in one direction only 
and maf therefore be used to act in the same way as a ci^stal valve. 

In Fig. 109 it has been shown how a Fleming Valve may be used 
a rectifier in a receivi^ circuit. The circuit is similar to that 

in Fig. 106, the Fleming valve taking the 
position of the crystal rectifier D. The 
oscillations picked up from the aerial 
charge up the plate alternately, positively 
and negatively. When the charge on the 
plate is positive, a current traverses the 
telephone but no current passes when 
the charge is negative. 

96. The Triode (or Three-Electrode) 
Valve. — The Fleming valve was greatly 
improved upon by Dr. Lee de Forest in 
1907, who inserted a third electrode 
known as **grid” between the plate and the 
filament. Fig. 110 represents a Triode valve. The filament is horizontal . 
and is of tungsten and is surrounded by a spiral of molydenum wire 
which acts as the grid and around these is the plate which is a thin 
cylinder of nickel. A slight positive charge on the grid increases the 
upward flow of electrons from the filament to the plate through the 
grid and thus the current strength is increased ; but when the grid 
has a negative charge, electrons may be driven back and the current 
flowing through the plate may thus be regulated. Thus a very small 
change of potential on the grid causes a great difference of the current 
strength in the telephone. So the grid helps to magnify or 
amplify smaller oscillations. In practice, the grii O is connected 
to the serial A (Fig. Ill) and any feeble oscillations which reach the 
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valve create small but rapid alterations of potential in the grid. 
The grid is thus automatically charged positively and negatively 
each time the current in the aerial reverses, and hence rectifies the 



Fig. lid — Triode Valve Fig. Ill - Triode Valve used 


in a Receiving Circuit 

current by allowing current in one direction only. So a greatly 
amplified direct current is produced in the plate filament circuit by 
which the telephone is worked. 


97. The Triode Valve used as 



Fig. 112 — Triode Valve used as 
Oscillator in a Transmitting Circuit 

tant as long as the energy supplied 


illator in a Transmitting Circuit. 

— In Fig. 112 it has been shown 
how by means of a reaction coil in 
the plate circuit of a triode valv^, 
it is possible to generate un- 
damped high frequency electro- 
magnetic oscillations. The wind- 
ings of the coil in the plate 
circuit and the coil in the grid 
circuit can be so arranged that 
an increase in the plate current 
will cause a fall in the poten- 
tial of the grid which will there- 
fore diminish the plate current ; 
similarly, a fall in the plate 
current will cause an increase 
in the grid potential to be fol- 
lowed by an increase in the plate 
current. It is thus clear that 
once the oscillations are started, 
they will be maintained cons- 
by the battery is maintained. 
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These undamped oscillations may be modulated, in wireless 
telephony,^ by modulating the current of the coupled aerial by 
inserting in it a microphone. The method described is only 
suitable for transmitters of small output. In actual transmitters used 
in broad-casting ordinarily modulation of the plate current is used. * 

98. The Photo-electric Cell. — This consists of a vacuous bulb on 
half the wall of which is a clean deposit of some alkali metal such 
as sodium, potassium, or caesium. Two wires are sealed into the bulb, 
one end, almost at the centre of the bulb, forming the anode and the 
other connecting the metal deposit serving as the cathode. . When in 
d^ijrkness, no current flows in the bulb, but, when exposed to light, the 
metal, sodium or potassium, as the case may be, emits electrons which 
travel to the anode, and this stream of electrons constitutes an electric 
current. The intensity of this current being directly proportional to 
the u^ensity of light incident on the metal, the current can be modu- 
lated. This current, though very feeble, can be ampli^ed by a series 
arranged as in a wireless circuit. This modulated amplified 
current passing throug]^ a loud-speaker of a talkie-machine produces 
the sound. The photo-electric cell (which is not really a generator of 
current like other cells) is an extremely sensitive instrument, which 
has become very important commercially in not only Talkie pictures 
but also in Television. 

99. Television. Television is made possible by photo-electric 
cells. By television not only the speech is transmitted by wire- 
less waves but the picture of the speaker is also transmitted along 
with his speech. 

100. Sound Films. — In ‘‘talkies’*, a sound record is made on a 
film, and it is generally the edge of the film that carries the sound 
record. Sound-waves falling on the diaphragm of a microphone produce 
varations in electric current, which operates a light-bulb. So the 
current of varying intensities allows light in varying amounts to pasS 
and excite narrow bands of the films. Thus, on developing the film, 
density of the successive portions of the film will vary according to the 
amount of light falling there, and so a dark band of varying densities 
will appear on the edge of the film. 

W^hen a film is being shown, a beam of light is directed through 
the film into a photo-electric cell, where variations of electric current 
will be produced corresponding to the varying intensities of light 
coming through the film. The varying current^ are amplified and 
passed through the coil of a loud-speaker, whereby the resulting 
vibrations in the diaphragm reproduce the original sounds. 
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Questions 

1. Explain the principle of wireless telegraphy. 

m 

2. Describe a simple wireless receiving set. (All. 1945 ; U. P. B. 1947^ 

8. Describe a triode valve. (All. 1945> 

4. Write an essay on Wireless Telegraphy and Telephony. (All. 1944, ’46> 
6. Write a short note on “Wireless”. (U. P. B. 1948> 



APPENDIX (A) 

AERONAUTICS 
CHAPTER I 
The Atmosphere 

Before proceeding to study the principles on which the flight of' 
an aircraft depends, the following facts about the atmosphere should' 
be remembered. 

*r. • Air Resistance. — Due to the fact that air has weight and that 
it is ^ always subject to convection currents, air offers resistance to 
bodies in contact with it, and this resistance depends upon its 
properties of (a) viscoszt'f, (b) elasticity^ and (c) inertia. 

(a) Viscosity. — It is the property in all fluids (Air is a fluid) 
corresponding to friction in solids, which causes one layer of air to 
move with the layer next to it (see p 111, Vol. I). Due to viscosity 
eddies are formed in air when it is disturbed by a body passing through 
it, and these eddies cause many of the phenomena of flight. 

{h) Elasticity. — The tendency of the air-particles to reoooupy 
former space from which they have been disturbed is due to the 
property of elasticity of air. 

(c) Inertia. — It is a property common to all matter due to which 
air will tend to persist to be at rest, or in steady motion, and will 
resist any attempt to change such rest or motion. 

2. Temperature. — There is a gradual drop in temperature witb 
altitude in the atmosphere, the average fall in temperature being l^F. 
for every 300 ft. (see Art. 134, Vol. I). 

3. Pressure. — The average pressure of the atmosphere at sea- 
level is about 14'7 lbs. wt. per sq. in., which changes from place to place 
and from day to day with changes of weather and temperature. This 
pressure decreases with increase of altitude (see p.' 165, Vol. I) and it is 
greater near the earth’s surface than at greater altitudes. It has been 
estimated that about one half of the total weight of the atmosphere 
is concentrated in the first 18,000 ft. It should be remembered that 
the pressure exerted by the air in motion may be greater or less than 
the pressure exerted by air, when stationary, according to the nature ' 
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of its motion, and from these pressures the forces of lift and drag 
(discussed later) on an aircraft are obtained. 

4. Density. — The pressure of the atmosphere produces density, 
and so the density of air is greatest at seadevel and ^ decreases with 
altitude. At sea-level the density of air is about 0'08 lb. per cu. ft. 
and at 20,000 ft. it is only 0‘041 lb. per cu. ft., which is about one- 
half of the first value. It is the density of air which makes all flight 
possible, as an aircraft is supported in the air by forces entirely 
dependent on its density ; the less the density, the less the weight 
lifted and more difficult does flight become, and in a vacuum the 
flight becomes impossible. 

5. Humidity. — The presence of water vapour in the atmosphere 
•diminishes its pressure and so the density is also diminished. . 


CHAPTER II 
Air Resistance 

6. Streamlines. — Whenever a body is moved through air (or 
any other fluid), or the fluid flows past a body, there is always 
produced a definite resistance to its motion. This resistance is 
usually termed "Drag” in aeronautical work. The effect of this 
resistance in the viscous fluid is to set up displacement in the shape 
of eddies in the fluid. 

In such cases two modes of flow take place : (a) turbulent 
and {h) streamlined flow. Turbulent flow may arise due to Motion and 
excessive velocity, and thus the eddy resistance becomes much greater, 
but if a body is so shaped as to produce the least possible eddy motion, 
then it is said to have a streamline shape, and the lines round the 
body interposed in the fluid showing the directions, and shapes of 
these disturbances are called Streamlines. These streamlines enable 
us to understand the nature of the flow of the fluid past the body. 

As it is difficult to investigate the disturbances on an aircraft, 
while in actual flight, most of the aeronautical experiments for 
studying the phenornena of flight are carried out by scientists in the 
laboratory by using some form of Wind Tunnel, in which air is made 
to flow past a model of aeroplane which remains at rest relative to 
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the tunnel. The effect is the same as if the body were made to move 
through atill air, because it is the relative motion of air io the aircraft, 
or the aircraft to air, which is investigated. 

Air speed and Ground speed. — True air speed of an aircraft is* 
the speed relative to the air, that is, the speed with which it would 
travel in the absence of wind ; while (jrouiul speed means its speed 
relative to the earth, or the actual speed over the ground. For 
instance, if the normal speed (air speed) of an aircraft flying from A 
towards B bo lOO m.p.h. while wind is blowing at 40 m.p.h. from B 
towards A, the aircraft will reach B with an actual speed (ground 
siJeed) of 60 m.p.h. 


It is possible to study and photograph streamlines and eddy 
■motions by introducing smoke into the air-flow in wind tunnels, or 
cotouiK^d jets into the Water tank experiment described below. 

Experiment. — The apparatus for demonstrating streamline flow 
of liquids consists of a rectangular reservoir at the top divided into 
two compartments (?i and Ca 
[Fig. l(i)] by ty^o glass plates l\ and 
Ps separated by a distance of about 
1 mm. These plates have equidis- 
tant perforations inside the reservoir 
(as C’l), the perforations in Pi being 
alternate to those in Pg. One of 
^ the compartments is filled up 
with clear water and the other Cg 
with a coloured water, say, water 
coloured with potassium permanga- 
nate. Now, the liquid flowing down 
between the plates from both the 
compartments collects at the bottom 
and finally flows out through a 
rubber tube provided with a pinch - 
cock. On opening the pinch-cock 
clear water from Ci and coloured . 

water from Cg will flow down be- . , „ ■ . 

tween the plates through alternate ’ er an tixpenincnt 

perforations. The violet coloured tracks will show the parallel stream- 
lines along which the water flows, and they finally curve inwards 
towards the end. Due to the colouring material the streamlines are- 
made visible to an audience. The actual apparatus is shown in 
Fig. 1(a), where a thin body made of gutta porch has been introduced 
in the stream between the plates to show the distortion of streamline^- 
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due to its shape. Similarly, small bodies of different shapes can be 
introduced to show how the streamliness are distorted in each case. 

7. Effect of shape. — One great object of the designer of 
« aeroplanes is to reduce the eddy resistance to an absolute minimum^ 
and much experimental work has been carried out with this in view. 
Besults show that the shape of a body has a striking effect on the 
amount of drag produced, and that enormous advantage is gained by 
adopting a "streamline" shape, the example of which in nature is the 
outline of a fish. When air flows past a perfectly streamlined body, 
no eddies are created in its neighbourhood. 


Fig. 2 shows some of the streamlines flowing past bodies .of 
different shapes. It will be noticed in 



Fig. 2(a) that, in the case of a flat plate, 
the air-flow breaks up after passing the 
edge of the plate into a series of«eddies 
and vortices, the size and nature of which 
will also be influenced by both the velo- 
city of the air-floH^ and the linear dimen- 


sion of the plate. It will also depend on 



the inclination of the plate to the direc- 
tion of air- flow. Fig. 2(b) shows that 
owing to its position both sides are 
affected by the air-current. Streamlines 
at the bottom are deflected downwards 
and eddies are formed at the lower edge^ 
whilst on the top there are similir 
eddies and also regions of lower pressure 
due to the distortion of the straight- 


line motion of the air-current. When, 



however, the obstacle has got a suitably 
curved shape as in Fig. 2(cj, the air or 
fluid passes over and behind the body in 
unbroken smooth lines, termed stream 
lines, and the obstacle giving rise to a 
definite streamline pattern is usually 


Fig. 2 — Effect of shape 


called a Streamline body. 

On comparing the flow past a rough 


obstacle with that past a streamline body, we notice that in the 


former case large portions of the fluid spin around as if they were 
detached portions of the fluid. These isolated portions of the fluid 
are called eddies. • A ball thrown in air and moving with spin will 
require more energy than when it is moving without spin. An eddy 
differs from a fluid moving in A streamline manner in the same way 
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as a ball moving with or without spin in air. For an aeroplane having 
rough shapes, the energy of the spinning fluid of the eddies must 
ultimately be derived from the engine, and so, such bodies will tend to 
, slow down the maohine and produce inefficient flight. Stream-line^ 
shapes are, therefore, necessary for the efficiency of the aircraft. 

8. The above experiments show that the resistance offered to a 
body in relative motion with a fluid is made up of two parts : (a) Eddy- 
resistance ; (6) Skin friction, 

(a) Eddy Resistance — This is the portion of tho resistance due to 
eddies formed when a viscous fluid flows past a solid body and we 
no longer get a smooth streamline flow. The extreme example of 
this type of resistance is the case of a flat plate held at right angles to 
the fluid or wind- [Pig. 2 (a)]. The resistance in this case is very large 
•and the pressure in front of the plate is greater, and that behind the 
pldCte M less, than that of the atmosphere which causes a kind of 
^'sucking effect’* on tho plate. The space immediately behind the 
plate ‘is not traversed by streams of air and is called a dead space. 

(b) Skin Friction.— This is tho resistance due to friction between 
the surface of a«body and the layer of air next to it. Also, due to the 
viscosity of the air, layers near the surface will tend to retard those 
further away. 

9. Resistance Formula. — It can be proved and verified by 
experiments that when a body is passing through air, the resistance 

1 on it depends, within certain limitations, on the following factors. — 

{i) The shape of the body ; {ii) the surface ; {ii) frontal area of 
the body exposed (in sq. ft.) : {iii) the square of the velocity V of air -flow 
(in ft. per sec.) ; {iv) the density p of the air {in lb. per cu. ft) ; 
iv) acceleration of gravity g {in ft. per sec^). 


Thus, we have the resistance formula R - 


KPAV» 


Ib.-wt., 


where 


IT is a constant depending on the shape of the body, the value of which 
for a flat plate is 0'6 and that for a streamline by 0 03. 


10. BernouillPs Theorem — Before proceeding further we should 
consider here a theorem, known as Bernouillis Theorem, which states 
that in the flow of an ideal {i.e. nob viscous) fluid the sum of the PoteU' 
tial energy. Kinetic energy, and the pressure energy is a constant. This 
theory can be roughly verified by an experiment with the Venturi tube 
illustrated in Fig. 3. 

• 

11. Venturi Tube Expt. — A metal tube AB tapering at the two 
ends and having a narrow neck in the middle is connected to a hori- 
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zonfcal glass tube T T, containing a coloured liquid by means of a 
number of narrow manometers (h). When the reservoir B is half- 
filled with the coloured liquid, the liquid stands at the same level in 
■all the tubes. This happens at normal pressure over all the tubes. 

When, however, an air-stream from a wind 
tunnel passes through the Venturi tube, 
the speed of the air in AB will change 
from place to place due to which the liquid 
level in several of the inner manometers 
will rise. The greatest increase in height 
will be observed in the narrowest part *of 
the tube, where the speed of the air is also 
greatest. But, as the liquid level rises in 
the manometers due to reduction of pressure, we have this somewhat 
unexpected fact that the pressure of the air falls when its^ speed 
increases. 

As the change of potential energy is negligible, the increase of speed 
(and hence of kinetic energy) is obtained by losing some of its pressure 
energy Hence it illustrates the Bernouilli’s theorem stated above. 
This Venturi effect, as it is called, is employed in haany scientific 
devices in order to produce a reduced pressure. 



Fig. 3 — Venturi Tube 


CHAPTER III 

Aerofoils (or Wings) : Flat and Cambered Surfaces : 

Lift and Drag 

12. Principles of Flight. — Let us proceed now to consider the 
question of why it is that an aeroplane is capable of flying through air. 
In order that an heavier-than-air machine can fly, there must be some 
means of forcing the air downwards so as to provide the equal and 
opposite reaction which will lift the weight of the machine, and in the 
conventional aeroplane this is provided for by wings, which are in- 
clined at a small angle to the direction of motion. The necessary 
force driving the machine forward is obtained by the thrust of a 
airscrew. The wings (or aerofoils) are always slightly curved, but let 
us consider the case of a flat plate first, as in the original attempts of 
flight, flat surfaces were used. 
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13. Flat Plate inclined to Air Current. — For simplicity we 
suppose that a Hat plate AB is at rest and that the air current flows 
past the plate AB which is inclined at an angle < to the direction of 
the air-flow (Pig. 4). In Pig. *2 (b), it has been found that in this* 
position both sides of the plate are affected by the air-current, due to 
which ])ressuT'e of air on the top surface is decreased while that under- 
neath the plate is increased. Each of these pressure-changes produces 
forces Tix acting upwards on the plate 

giving rise to a resultant force whicli is 
practically normal to the surface when the 
angle < is small. The force arising from 
the decrease of pressure pulls the plato up, 
and the force arising from the increase of 
pressure pushes the plate up {vide Venturi tube 
expt.).^ The force 11^, called the Total Re- 
action, can be resolved into two components 
at right angles — one horizontal, 1), and the 
. otfier vertical, L, acting upwards. The com- 
uonent L, called the oalances the weight of the plate, and the com- 
ponent D, called the drag, resists the motion through the air. 
Obviously, the L component whicli supplies the lifting force to the 
plane is of profound importance. For equilibrium the L component 
must equalise the weight W of plate. If W is greater than L, the 
plate will fall, and if less, it will rise. 

• Actually in practice the flat surface is inefficient as a means of 
lifting because of the total resistance offered, and therefore the total 
engine power whicli has to be employed, is very high in comparison 
with the lift obtained from it. 

14. Aeroplane and Kile. — The flight of an aeroplane is much 
like that of a kite floating in air (see p. 31, Part I). In the case of the 
aeroplane the rush of air past the wings is duo to the motion of thd 
aeroplane itself through the air rather than to a wind, as is the case 
with the kite. The tension of the kite string Jiere corresponds to the 
forward thrust of the propeller. The L component balances the 
weight of the machine, while, for equilibrium, the D component must 
be counterbalanced by an equal force which is obtained by the action 
of the screw-propeller. On increasing the propeller speed, the forward 
thrust and B increase. Consequently, the L compouent becomes great- 
er than the weight and so the aeroplane rises. It should be noted that 
the air-pressure depends only on the rate and direction with which the 
air and the body meet, and the result is the same whether the body 
moves to meet the air, or the body remains still and the air flows 

33 (II) 
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against it. Obviously the greater the velocity with which the aero- 
plane and air meet the greater will be the air pressure. 

15. Cambered Surface — The advantage of using a suitably 

'curved (or cambered as it is termed) surface, instead of a'flat one, was 
soon discovered by which a much greater lift, especially when com- 
pared with the drag, could be produced. In this, the eddy distur- 
bances due to the distortion of the streamlines can be minimished 
and so the efficiency of the system can be increased. Thus the 
modern aerofoil has both the top and bottom surfaces cambered. The 
top camber is greater than that of the bottom surface as due to this 
the lift component has an appreciably higher value over a wider range 
of the angle of incidence. The additional advantage of the curved 
surface is that it automatically provides a certain amount of thickness 
which is necessary for structural strength. The thickness is expressed 
as a percentage, of the chord and for general use the best top surface 
camber is about 11 per cent, of the chord, Yihilo for high speed it 
should be only 7 or 8 per cent. «, 

Airflow and Pressure over Aerofoil 

16. Some Definitions. — A transverse section df a wing (or 

aerofoil, as it is called) of an 
aircraft is shown in Pig. 5, 
where along the front of the 
aerofoil A is the Leading 
edge, and at the rear at 5 is . 
the Trailing edge. 

The line AB joining the 
centres of curvature of the 
leading and trailing edges is 
called the chord. 

Camber is the curvature 
of the aerofoil of both the top 
Fig. 5— Airflow over aerofoil a_nd bottom surfaces. The 

greatest height of the top or the bottom surface, when divided by the 
chord length, is called the camber of the respective surface. Camber 
decides the thickness of the aerofoil. 

Angle of Attack is the angle between the chord line and the 
relative airflow, which is the direction of the airflow with reference 
to the aerofoil. 

[N* B. — The angle of attack is often referred to as the angle of 
Incidence, but it is better not to use this term in order to avoid 
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«oQ(u9ioa with the Rigger's angle of inoideace, which is the angle 
between the chord line and some fixed horizontal datum line in the 
aeroplane. For a given aeroplane this angle is fixed, whereas the 
3. angle of attack may alter during flight.] • 

The total length of the aerofoil perpendicular to the section is 
called the Span ; and the ratio of the span to the chord is called the' 
Aspect ratio. 

< > 1 17. Airflow past an Aerofoil. — Experiments show the following 
results when a typical aerofoil moves through air at a small angle 
of attack (see Fig. 5) : — (a) A slight upward deflection, called *'upwash" 
o(?car3 in front ; and (6) a considerable downward deflection, called 
**downioash” , occurs behind the wing. The downwash is important as 
it afiects the direction of the air striking the tail plane or other parts 
of^the aeroplane in the rear of the main planes ; (c) A smooth stream- 
line' Airflow takes place over the top and bottom surfaces ; (d) The 
streamlines are closer above the top surface than over the bottom ; 
{ef Above the top surface the speed of airflow is increased and, below 
' the bottom surface it isflecreased ; (/) The pressure of the air above 
the wing is reduced below the normal atmospheric pressure due to the 
increased spaed* of the airflow ; and (g) the pressure below the wing is 
increased due to the di^creased speed. 

Though the facts stated in (/) and (f/) appear to be puzzling at 
first, it cin be explained by the Venturi tube experiment. Here the 
upper surface is somewhat similar in shape to the lower half of the 
^ Venturi tube and the closer streamlines above the highest part of the 
chamber resemble those passsing through the neck of the Venturi tube. 

As stated in the case of a flat plate the decrease of pressure above 
the wing surface produces a force — which is the important part of 
the total force — pulling the wing up and the increase of pressure below 
the wing gives rise to a force B 2 pushing the wing up. These two 
upward forces give us the resultant force B acting approximately at 
right angles to the chord line. But the decrease of pressure above the 
wing surface is more important, for to this is due the greater part of 
the lift force. Roughly about two-thirds of the total load on the 
wing may be attributed to this decrease of pressure while about one- 
third may account for the increase of pressure on the lower surface. 

[Note. — It should be noted here that the common idea is that the 
airflow moving away from the upper surface of the wing causes a 
partial vaccum and thus provides a lift force, but this is wrong. In 
fact, the greater will be the increase of speed . as the air is drawn 
•closer on to the upper surface of the wing, and by the consequent 
reduction of pressure the upward force produced will be greater.] 
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18. (a) 'Centre of Pressure. — The point in the chord line 
through which the total force B may be considered to act is known as 
the centre of pressure. It has no fixed position bfit varies according 
^jO the speed and the angle of attack. 


(b) Distribution of Pressure over an Aerofoil. — The distribu- 
tion of pressure over the surface of an aerofoil has been experimentally 
determined and its study is of great importance. The method consists 



in distributing a number of glass tubes, 
which are placed paiallel to the direction 
of motion, over the upper and lower 
surfaces of the aerofoil. These are 
connected to a manometer, and different 
pressures are ascertained. Fig. 6 shows 
the pressure distribution over an aerofoil 
at an angle o£ attack of 5°, from whifeh 


„ 1 i X- lollowmg observations are made : — 

Fic. 6 — Pressure Distribution / ^ , 

^ ^ (a) The pressure is not evenjy 

distributed, both the decreased pressures gon the top surface 
and the increased pressures on the lower surface are most marked 
over the front portion of the aerofoil ; (/>) the greatest pressure de- 
crease (and hence the largest forces) occur on the top surface, and it 
is near the leading edge and over the highest part of the camber ; 
(c) the decrease in pressure over the top surface is greater than the 
increase on the lower surface. 


From this it is seen that the shape of the top surface is of great 
importance. It is the top surface, which by moans of its decreased 
pressures, provides the greater part of the lift, and, at some angles of 
attack, this decrease of pressure on the top surface gives us as much 
as four-fifths of the lift. 

(c) Movement of Centre of Pressure. — Experiments show that 
the distribution of pressure over the aerofoil changes considerably 
with the change of the angle of attack and consequently the centre of 
pressure (C. P.) moves. The position of C. P. is usually defined as 
a certain proportion of chord behind the loading edge. The movement 
of C. P. is an inconvenient property of the aerofoil, for unless its centre 
of gravity (C. G.) and C. P. coincide there will be a turning effect 
about C. G. To understand this suppose that for a certain angle of 
attack the C. G. and the 0. P. coincide. Now, when the angle of 
attack increases there will be a forward movement of C. P. and so 
there will be a turning moment about C. G. equal to Bx, where B is the 
total wind thrust and x the distance between G. P. and G. G. This 
moment will rotate the aerofoil and still further increase the angle 
of attack and thus the equilibrium will be disturbed. 
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In any case, large moments of 0. P. will make the aeroplane 
•rlifficult to control and so in a good aeroplane the movement of G. P. 
should be limited which is obtained by a suitable bi-convex cross- 
section or by increasing the aspect ratio, for example, by tapering th^ 
wing. 


19. Lift and Drag. — In practice the direction of motion of an 
aeroplane is not always horizontal, and so the L component is not 
always vortical. It is usual to split up the Total Reaction R into two 
components, L and D, relative to the airflow : — the component L which 
is always perpendicular to the direction of the airflow (or motion) is 
called Lift, and that parallel to the direction of airflow is called Drag, 
which is always opposite to the direction of motion. Lift is used to 
balance the weight of the aeroplane and so keep it in the air in level 
flight. Other parts of the aeroplane as tailplane, elevator, etc., may 
pwovi^e further lift forces when desired. Drag /.? the enemy of flight 
and every effort roust be made to reduce it to a minimum. Only in 
normal level flight the lift is vertical and the drag horizontal, but 
if, in turning the win^ of an aeroplane assume a nearly vertical 
position, then the lift (Z) is nearly liorizontal. Lift is always perpendi- 
cular to the disadliion of motion and drag is always opposite to it. 


20. Lift and Drag Formulae. — In Fig. 5, R is the resultant force 
on a transverse section of the wing of an aircraft whose angle of 
attack is < and whose velocity is V, We have already seen in Art. 9 


that the total reaction (or resistance) R^ 


KpAV^ 

Q 


Ib.-wt. 


We have in Fig. 5, the lift component L = R cos »c, and the drag 
D = R si n whence 

pAV^ pA F® 

L = K cos < lb.-wt...(l) ; and = iCsin < Ib.-wt,, (2) 

Q (J 

where p represents the air density (in lb. per cu. ft.), A the surface 
or plane area of the wing projected on the plane of the chord (in sf)[, 
ft.), V the velocity of air-speed (in ft. per sec ), and g the acceleration 
of gravity ( = 32‘2 ft. per sec.) 


Since K is a constant for some given conditions in a machine 
wo may write the symbol Kl for K cos < and Kd for K sin which 
are spoken of as Lift and Drag Co-efficients respectively. 

[Note. — (a) These symbols should not be confused with L and D 
which give the actual lift and drag in pounds weight, and Kl and Kd 
are constants only, (h) The above relations are strictly true when < is 
small, for we are not justified in assuming that B*is at right angles to 
AB for large angles of attack]. 
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Then, we have, ; and D “ Kd 

g g 

dividing one by the other, we get the important relation, 

*j 


L 

~D 


and hence^ 


Kd 


and 


L/D is known as the Lift-Drag Ratio. 

Note that when L is exactly equal to the weight W of the 


aerofoil we get, for a normal horizontal flight, 


KlpAV^ 

g 


21. Factors affecting the L/D Ratio. — The factors affecting the 
L/D ratio are : — W The angle of attack. We get a maximum L/D at 
an angle of attack of about ^ (see Fig. 7) : 

{a) The airspeed. — Both lift and drag are directly proportional to 
the square of airspeed. Hence increase in airspeed will increase the 
lift and drag, other factors remaining the same. 

(Hi) Increase in loing surface or plan qrea {i.e. the area projec- 
ted on to the plane of the chord). This will increase the lift and drag 
when the plane is flying at the same speed and the same angle of attack 
in air of the same density. (In practice, howevpr, the angle of attack 
rarely remains constant even for a very short time). 

(iv) Increase in density of the air. V and < remaining the same, 
the increase in density will increase and the decrease of the density will 


decrease, the lift and drag. 

22. Lift and Drag Curves. — In order to get some idea of what 



happens when the angle of attack 
of a typical aeroplane wing is 
gradually altered, we shall consider 
the lift and drag curves shown in 
Fig. 7. Considering the curve drawn 
with the lift co-eflicient L and the 
angle of attack, it will be seen 
that there is a definite lift at 0°, 
and that the lift increases steadily 
between 0° and 12°, where the graph 
is practically a straight line. The 
maximum value reaches at about 
15® after which the lift begins to- 
decrease rapidly. This rapid falling 
off is called stalling, and the angle 
of attack at which the lift reaches a 


An jrfe of AUack^^>~^ maximum value is known as 

, ^ ^ Stalling angle. 

Fig. 7-Lift and Drag Curves 

find that its value is always positive. It is least at about 0*. 


the 

we 
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increase of drag up to the stalling angle is not very rapid, but after it 
the increase becomes more and more rapid. 

23. L/D Ratio Curve. — We have considered lift and drag 
separately, but it should be realised that the ratio LID under varying 
conditions is of great importance. Wo know that an aeroplane 
travelling through the air must employ power to create a propeller- 
thrust in order to overcome the drag of the aerofoils, and so it is 
desirable to require as little power as possible for a given lift, or in 
other words, for the sake of efficiency we want as much lift, but as 
little drag, as possible for our aerofoil. In fact, we want the highest 
possible values for the LiD ratio for any given working range. From 
Fig. 7 we find that the lift is highest at about Id"* and the least drag 
we get at about 0* , so at neither of these angles we really get the 
best conditions for flight, that is. the best lift in comparison to the 
drag, gr the best lift-drag ratio. This shows the importance of the 
curve showing LID ratio of the aerofoil against the angle of attack. 
Here -we find that the greatest value of LjD occurs at about 3® or 4® at 
■w&ich angles the lift is ^bout 20 times the drag. Thus it is seen that 
an ideal aerofoil must be moving at an angle of attack of about 3® or 
4®, when it wilUgive iji,s best all-round result. This angle at which the 
best result is obtained' is sometimes called the Optimum angle. 

Note. — In Fig. 7, the values of lift and drag co-efficients are taken 
instead of the total lift and drag as the former will be practically 
independent of the air-density, the scale of the aerofoil, and the 
velocity employed, whereas the total lift and drag will depend on the 
actual conditions at the time of the experiment. 

24. Stalling. — At values greater than that corresponding to 
the maximum lift, the lift falls oil rapidly and this rapid falling oil is 
called stalling, when the aeroplane is said to be stalled. Stalling is 
accompanied by a loss of lift as well as much increase in drag. The 
airflow no longer shows a smooth streamline flow and it finally 
changes into a turbulent flow. It is extremely dangerous if stallidg 
happens at the time to be near the ground. 

One of the devices in ^reducing the risk of stalling is the Handley 
Page slot, which is shaped rather like a wing and fitted on to the lead- 
ing edge of the main wing. On moving forward the slot at a time 
when the angle of attack of the aerofoil is increased, a smaller angle of 
attack is presented to the on-coming air causing an increased airflow 
over the wing surface, and the lift is restored. 

25. Aerofoil Characteristics. — The lift and drag co-efficients of 
an aerofoil depends on the shape of the aerofoil, and they will change 
with changes in the angle of attack. The result of experiments on 
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aerofoil? can be easily demonstrated by drawing graphs to show how L 
co-efficient, D co-efficient, and LID ratio alter with changes in the angle 
of attack. These three may he called the characteristics^ of the aerofoil. 

26. (a) The Ideal Aerofoil. — The characteristics of the ideal 
aerofoil are given by the curves in Fig. 7. Thus the ideal aerofoil 
should have — 

1. A high maximum lift co-efficient in order to lower the landing 
speed for the safety of the plane. The higher the lift co-efficient of the 
aeroplane, the lower will be its landing speed and greater will be the 
safety of the plane. 

2. A low minimum drag co-efficient — not only at a certain angle 
of attack, but it should remain low over a large range of angles. Thus 
the aeroplane will have a low resistance and will be able to attain 
high speed. 

3. A high Lift-Drag ratio for the sake*of efficiency, good height 

carrying capacity for a small expenditure of engine-power and sq less 
expense ' 

4. A small movement of centre of pressure to improve stability. 

(b) Compromises. — In actual practice, however, *we find that no 
aerofoil will meet all the requirements. Therefore some sort of 
compromise is made just as in the case of a good hydro-static balance. 
We cannot get an aeroplane which will serve all our different purposes, 
and the shape of the aeroplane is the first, and perhaps the greatest, 
compromise to bo made. So different degrees of cambering is made f 
according to the different purposes the aeroplane is desired to serve. 
For instance, for high speed the top surface camber should be about 7 
or 8 per cent of the chord, while for general use it should be about 
10 or 11 per cent of the chord 

Both lift and drag are increased by increasing the chamber of the 
upper surface. The alterations in the chamber of the buttom surface of 
the aerofoil have a much smaller effect. Modern aerofoils have their 
lower surface flat or slightly convex. 

27. (a) Normal Horizontal Flight. — Without taking into account 
the forces on the tail unit, an aeroplane, when flying straight and level 
— which we refer as normal horizontal flight — may be said to be under 
the influence of the four main forces, — 

(1) The lift L of the main planes acting vertically upwards 
through the centre of pressure. 

(2) The weight W of the aeroplane acting vertically downwards 
through the centre of gravity. 
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(3) The thrust T of (he propeller airscrew pulling horizontally 
forward along the propeller shaft. 

(4) The drag D acting horizontally backwards. This is the total 

•drag on the aircraft consisting of the drag of the aerofoils and also of 
the remaining parts of the aeroplane. * 

(b) Conditions of Equilibrium. — In the ideal case when the 
aeroplane is flying level at a steady speed in a fixed direction, that is to 
say, the main condition of equilibrium of those four forces, which 
must obey the simple laws of mechanics, is that all the forces would 
act through the same point. Then we have — 

• {i) L—W, This condition will keep the aeroplane at a constant 
height. If L>Vr.(This is secured by increasing airspeed by increasing 
engine power), the aeroplane will ascend, and if L<^W the aeroplane 
will descend. 

(ii)* T^D. This condition will keep the aeroplane moving at 
a constant speed. If T>D the aeroplane will move with an accelera- 
tion and if T<D there will be retardation. In practice, however, 
these forces are never Constant owing to varying conditions, siich as 
^he weight of the aircraft does not remain constant in value, L is not 
constant as the* angle of attack may change duo to wind-thrust, the 
position of C.6. is not constant Due to these difficulties the ideal 
arrangement of the forces is not possible. 

Now when the size and position of forces change, the turning effect 
of the aircraft is controlled by the pilot by (i) control column move- 
'ment (discussed later on) and (zi) mainly by adjustable tail plane. 


CHAPTEE IV 

Aeroplanes and their Controls ; Manoeuvres 

28. Component Parts of the Aeroplane. — We have already 
mentioned about some parts of an aeroplane and especially we have 
dealt with one of its main parts, i.e. the wings or aerofoils. Let us 
state here that an aeroplane mainly consists of the following parts • 

(a) Fuselage ; {h) Wings or Aerofoils ; (c) Propeiiler or Airscrew ; (d) 
Tail plane ; (e) Aileron ; (/) Elevator ; ig) Budder it Fin. 
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The Fuselage. — The main body of ihe machine is referred to a» 

the fuselage, which must 
be large enough to contain 
engine, tanks, pilot, bombs,, 
goods, passengers, etc., 
that the machine has to* 
carry. 

Tail plane. — It is a 
small plane fitted at a con- 
siderable distance behind 
the main planes in order 
to provide the upward or 
downward forces necessary 
to contact the unruly 
action of the four jxtain 

forces mention^ in Art. 27. 

29. The Propeller or Airscrew. — The theory of airscrew* is ‘ 
too advanced to be considered here, but a gdheral idea of the work of 
an airscrew will be given here. 

A propeller, also called an airscrew, is much like an ordinary 
electric fan in appearance, but while a fan sucks air from behind and 
throws it forward, an airscrew sucks air from the front and throws 
it backwards. The result is that due to reaction the fan tends to move 
backwards, while the airscrew is thrust forward, and thus pulls the^ 
aeroplane along with it. The thrust of a propeller is the force with 
which it drives the air backwards or urges aeroplane forwards. The 
propeller is the means by which the power of the engine, which rotates 
it, is transformed into a forward thrust and thus gives the aeroplane 
a translational velocity. Thus, the aeroplane forces its way through 
the air by means of propellers rotating in a vertical plane, and we may 
say in effect that an airscrew screws itself through the air pushing or 
pulling the aeroplane to which it is attached. The propellers are 
situated either in front of the body of the machine, when it wdll 
cause tension in the airscrew shaft and will thus pull the aeroplane 
forward (in which case the aeroplane is called a tractor) ; or in the 
rear of the body when it will push the plane forward (in which 
case it is called a pusher). Airscrews vary in the number of blades 
from two to four, but the two-bladed variety is the easiest to manufac- 
ture and slightly more efficient. The shape of each part of an airscrew 
blade, taken in a direction at right angles to its length, is found to 
be similar to that of an aerofoil. 

The diagram (A, B, G, in Fig. 9) shows several cross-sections 



Fig. 8 — Aeroplane 
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taken at various distances from the centre. The airscrew also derives 
similar forces from the airflow to those 
giving lift and drag in the case of 
^ wings, but owing to variations in camber, 

'chord, and speed, the lift and drag 
components increase and decrease from 
section to section. The airscrew 
may be considered to be exactly like 
an aeroplane wing, but that, instead of 
moving in a straight line and supporting 
the aeroplane, the airscrew moves in a 
spir&l path and produces the thrust which 
overcomes the drag of the aeroplane. 

Due to their different functions the plane 
forn^ of an airscrew blade differs from that of a wing ; and the airscrew 
blade is^twisted so that the angle to the shaft of the propeller is greater 
at the than at the tip, while the angle of the wing is almost the 
'Tsarrfh throughout. Thus the forward thrust of the airscrew corresponds 
to the upward lift of the •aerofoil, and drag in this case is represented 
by the resistance^of the air to the rotary motion of the airscrew. 

The total airscrew thurst is the sum of the thrusts on each blade 
section, and it is the force which pulls the aeroplane through the air. 
The total drag on all the blade sections constitutes a couple — known 
as airscrew torque — which resists the rotary motion of the airscrew 
IFig. 9) and opposes the engine torque (or the tiirning moment) 
applied to the airscrew shaft by the engine. The airscrew torque has 
to be overcome by the engine torque. This is analogous to the thrust 
and drag in the case of aeroplane. 

30. (a) Pitch. — The airscrew is a screw which screws its way 

through the air in the same way as an ordinary screw does through 
wood but some important differences are to be noted. In the case of, 
an ordinary screw the distance moved forward in one revolution is a 
fixed quantity and is called the pitch of the screw, the value of which 
depends on its geometric dimensions, and is usually called the geometric 
pitch. But, in the case of the airscrew, the distance moved forward in 
one revolution (called the advance per revolution) is not a fixed quantity 
as it depends entirely on the forward speed of the aeroplane. Another - 
important difference between the airscrew and the ordinary screw is 
that the airscrew has no actual grip on the air comparable to an 
ordinary screw in wood, and there is a certain amount of *8lip’ so that 
the distance moved forward is less than the geometric pitch. This • 
distance is not also constant as it varies with the speed of the^ 
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Fig. 9 — Airscrew Torque 
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aeroplane. Thus the 'slip' of a sorew is the difference between the 
distances it should travel theoretically and its actual progress. 

(b) Pitch Angle. — We should all know that the ^wisted appearance 

of the airscrew blades is not without any meaning — rather it is the 
product of highly skilful design. The sections of the blade near the 
tip are moving with a much greater velocity than those near the root, 
and so most of the thrust is produced by the portions near the tip. 
For this reason the pitch (or blade) angle is not the same throughout 
the air-screw blade in order that every part of the airscrew may move 
the same distance forward during one revolution of It Other things 
being equal, a large propeller moving comparatively slowly gives more 
thrust than a small one driven at high speed. The pitch (or blade) 
angle is the angle which the chord of any given blade section makes 
with the horizontal plane when the airscrew is laid flat on this plane, 
its axis being vertical. ** 

The Experimental Mean Pitch is the distance the airscrev; moves 
forward in one revolution when the thrust is zero, and when the 
thrust and efficiency of the airscrew is a maximum, the pitch is called 
the Effective pitch. 

(c) Efficiency. — The efficiency of an airscrew is the ratio of the 
useful work done by it to the work put into it by the engine. In actual 
flight for the same rotational speed of the airscrew, a forward motion 
— whicli means some useful work done — may be attained at which 
each blade section meets the airflow at an angle of attack of about 3^ 
which is the most efficient angle of attack for an aerofoil having its 
maximum lift-drag ratio. So, here the ratio of airscrew thrust to 
torque is a maximum ; and so at this speed the screw has maximum 

• efficiency. 

31. Fixed Pitch and Variable Pitch Air-screws. — It has been 
been seen that only at a particular speed of the aircraft a fixed-pitch air- 
screw has got its maximum efliciency at a given rotational speed, but, 
in practice, the actual speed of an aircraft varies over a more or less 
wide range. An airscrew whose pitch can be varied by the pilot, 
when in flight, is called a variable pitch airscrew, the mechanism of 
which is rather complicated, though, this is very effective for all condi- 
tions of flight. But whether a variable pitch airscrew is advisable or 
not depends on the speed-range of the aeroplane. For a high speed- 
range, a variable- pitch airscrew is essential, and when the maximum 
speed is relatively low, a fixed -pitch airscrew will work quite well. 
With this type of airscrew an aeroplane might be brought home 
safely when in danger, which would have been impossible with the 
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fixed' pitch type. So for a m^ern machine of high-speed range a V. P. 
airscrew is essential. 


Stability and Balance 

^ 32. Stability and Balance. — If an aeroplane, when disturbed, 

tends to return to its original position, it is said to be stable and the 
stability of the machine means its capacity to return to some parti- 
cular condition of flight after it is slightly disturbed from that 
condition. 

Note. — Stability should not be confused with Balance. Suppose 
an aeroplane flics with one wing dipping than the other and it may, 
when disturbed from this state, return to its former position. Such an 
aeroplane is not unstable but only out of its proper balance. 

■ 33(a). Stability. — An aeroplane may rotate about three axes all 
mutually at right angles to each other and all passing, through the 
centre of gravity of the aircraft. These axes are as follows : — The 
Tjon^itildinal (or rolling) axis XOX' running from nose to tails ; the 
Lateral {ox pitching) axis in the same horizontal plane, and the 

Normal (or yawing) axis ZOZ' . 

(1) The rotatory m^otion of the aeroplane about the lateral axis 
is called Pitching caused mainly by a wind -gust resulting in the nose 
rising or depressing. During pitching the longitudinal axis moves in a 
vortical plane. 

capacity to correct pitching is defined as Longitudinal 

(2) Any rotatory motion of the aeroplane about the longitudinal 
axis is called Rolling, resulting in one wing rising and the other 
dropping. The lateral axis moves in a vertical plane during rolling. 
The ability of the aeroplane to correct rolling is called Lateral stability. 

(3) The rotatory motion about the normal axis is called Yawing. 
It results in the nose and tail being deflected to one side, and in this* 
both axes move. The capacity to correct yawing is called Directional 
stability, 

(^b) Longitudinal Stability. — This is achieved by the tail plane 
by setting it at an angle less than that of the main planes. Suppose 
that due to wind-gust the nose of the machine is thrown up. The 
tail plane is then turned so that it presents an angle of attack less 
than that of the main planes and thus a force is obtained on the tail 
plane in such a direction as is necessary to counteract the movement 
of G. P. of the main planes, which is detrimental to^stability, and thus 
to bring the machine to equilibrium position. Another condition for 
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longitudinal stability is that the position of the centre of gravity of the 
e.eroplane must not be too far back. 

(c) Lateral Stability. — During normal flight the lift on the wings 
is vertical, and equal and opposite to the weight, but when a roll takes 
place one wing drops and the other goes up. In this position the lift 
is inclined and is no longer in the same straight line as the weight. As 
a result of these two non-parallel forces, the machine cannot be in equi- 
librium and moves bodily sideways, called Side slip, in the direction of 
the lower wing. To overcome this lateral instability a small positive 
dihedral angle is introduced between the two wings by setting the 
wings to be inclined upwards by a small angle to the lateral axis. Now 
the vertical component of the lift on the lower wing is increased, the 
angle of attack being greater, and that on the other side is decreased 
and thus a couple is introduced which brings the aeroplane to the 
normal position. Lateral stability depends also on the position of the 
centre of gravity of the aeroplane. 

• [The dihedral angle is the angle between each plane and the- 
horizontal for the normal position. It is positive when the plane is 
sloping upwards and negative when sloping downwards]. 

(d) Directional Stability. — This is secured by fitting a small 
aerofoil vertically at the centre of the tailplane. This acts in a way 
similar to that of the tailplane and produces a force which opposes any 
tendency to spin round the normal axis. This small aerofoil is known 
as the ‘Fin’, which is the most important factor, for, both by its sur- 
face area and position, a correcting turning moment is obtained from it. 

Lateral and directional stability are inter-relative. A roll is follow- 
ed by a yaw and vice versa, and the study of the two cannot be 
separated . 

34(a). Control. - It is no doubt necessary that an aeroplane 
should be stable but that is not enough. It is also necessary to control 
the machine to force it to take any desired position, or to correct any 
tendency of the machine to wander from any desired path. When the 
pilot desires to bring about such changes he has at his disposal three 
movable control surfaces which are operated from the cockpit by 
means of cables or rods : (i) the elevator ; fii) aileron, and [iii) rudder, 

(b) Longitudinal Control and the Elevators. — Longitudinal 
control is the control of pitching and is obtained by the elavators 
which are flaps hinged behind the tailplane by which the angle at 
which the machine is flying can be altered and thus the nose of the 
machine can be raised or lowered as desired. Elavators are operated 
by means of the control column (also called Joystick) situated in front 
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of the pilot's seat. By pulling the joystick backwards, the elevators 
e.re raised by which action the aeropUne begins to ascend, and the 
opposite action takes place by moving the joystick forward. 

^ f'c) Lateral Control and the Ailerons. — Lateral control is the 
•control of rolling of the lateral axis and is obtained by the ailerons, 
which are flaps hinged at the rear of the main wings near each wing 
tip They are connected together so that when one flap is depressed, 
the other on the opposite wing- tip is raised. When a machine has 
been titled through an angle laterally by a wind-gust, the pilot rights 
the aeroplane by depressing the ailerons. Thus by the aid 'of the 
ailerons the aeroplane may be hanked^ that is, the machine may fly 
with one wing lower than the other. The ailerons are operated by 
moving the control column by the hand or sometimes by a control 
Wheel like the steering wheel of a motor car. 

(dl * Directional control and the Rudder. — It i» the control of 
yawing, or rotation about the normal axis, and is obtained by the 
.rulfber, which is a vertical flap hinged on to the rear of the fin. This 
is operated by a nidd^- bar in the cockpit and worked by the 
pilot’s feet. On pressing the right foot forward the rear of the 
rudder will be movedL., to the right and the aeroplane will turn to the 
right and so on. The function of the rudder is to keep the machine 
in its correct course ; and it is also used in conjunction with the 
ailerons for turning the machine. 

j In general, the movement by the rudder will give rise to a side force 
on the fin, movement of the elevator will produce a force on the 
tail plane, while the movement of aileron increases or reduces the lift 
on the wing, as the aileron is pulled down or pulled up. 

It should be noted that in each of the above cases the control 
surfaces are placed as far as possible from the centre of gravity of the 
machine so as to provide sufficient leverage to alter its position. 

(e) Engine. — Besides the above control units, the engine is also 
considered as another unit, the primary function of which, from the 
point view of control, is to vary the height at which the machine is 
flying for a given angle of attack, speed, etc. 

(f) Stability and Control. — The difference between stability and 
sontrol should be clearly noted. Stabilising devices, such as the 
Sailplane and fin, restore the aeroplane to its original path of flight 
if ter a disturbance has occurred, while, on the other hand, the pilot 
jses the control surfaces, such as the elevators, etc., to manoeuvre the 
naohine into any desired position ; but this change of attitude will 
ce resisted by the inherent stabilising devices. The control surfaces 
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should therefore be effective enough to overcome the action of th& 
stabilising devices. 

35. Manoeuvres. — The various manoeuvres which an aeroplane 
, may be required to perform are given below : — ^ 

(1) Take-off and Landing. — In take-off, the throttle of the engine 
is opened, and the machine moves over the ground gaining speed, 
while the pilot depresess the elevators, thus raising the tail. The 
machine then rises up attaining the minimum speed to be sustained 
in air. 

Landing is done by bringing down the speed of the aircraft until 
it is brought into contact with the ground. Landing may be ‘sldw’ 
or ‘fast*. 

(2) Gliding. — In this the engine is throttled down until the speed 
of the engine is just sufficient to keep the engine going. Now the 
thrust T disappears and the aircraft must be kept in equilibrium by 
the forces of lift, drag, and weight only, that’ is, the total reaction, or 
the resultant of the lift and drag, must be exactly equal and opposite 
to the weight. The angle between the path of the glide and the 
horizontal is called the gliding angle, which is the same as the anglo 
between the lift and the total reaction. 

(3) Climbing. — In ordor to make a climb, the pilot holds the 
control column backward to have the angle of attack between the 
normal and stalling values. 

(4) Banking. — Banking is accomplished by moving the ailerona* 
over, so that one wing drops and the other rises. In this the lift 
force, in addition to lifting the machine, supplies a component towards 
the centre of the turn, so that a large force is obtained for pulling 
the machine into a circular path and settling it down to the steady 
condition. 

Besides these, other different manoeuvres done by expert pilot are 
as follows : — (5) Side slip (see p. 526) ; (6) Ceiling (see Art. 35) ; 
(7) Loop ; (8) Spin ; (9) Roll ; (10) Zoom ; (ll) Nose-dive. 

36. High Altitude Flying.— It has already been pointed out that 
with the increase of altitude the density, pressure, and temperature of 
the atmosphere all decrease, and these cause important modifications 
in the forces acting on an aircraft. Here we shall consider only the- 
effects of the decrease in the density of air ; which may be summarised 
as follows : — (a) Decrease in lift and drag ; (b) Palling off in the 
power of the engine ; (c) Decrease in airscrew thrust. 

(a) Lift and drag depend on the density of air. At higher altitudes 
the density of air is considerably less than that at ground level and 
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so the lift can no longer balance the weight of the aircraft. It is 
necessary, therefore, either to increase the speed of the aircraft, leaving 
the angle of attack the same, to obtain sufficient lift to balance the 
weight, or to increase the angle of attack (see Art. 21), which in turn 
- will increase the drag. • 

There is, however, a limit to the possible increase of speed as it 
depends on the power of the engine which is also limited, and further 
there is also a limit to the increase of the angle of attack, as, we 
know, when this is made too great, the lift will decrease instead of 
ooutinuing to increase, or, in other words, there will be stalling of the 

machine. 

• 

(&) As the pressure of air decreases with height, the weight of 
petrol-air mixture taken into the cylinder of the engine for combustion 
is reduced and so there is a considerable falling-off in the power of 
thd ‘engine. This may be remedied to a certain ^extent by 
charging, ie.hy forcing the mixture into the cylinder with a pump. 
But ultimately atmospheric pressure becomes so small that, with all 
^'existing engines, there i%a height at which the power begins to fall 
off inspite of the supercharger, and we find that sooner or later a 
height is reach^ which cannot be exceeded. This height is called 
the Gelling of the ac^^bplane. 

(c) In rarefied air the airscrew-thrust is sufficiently reduced even 
when the engine and propeller revolutions per minute are sufficiently 
^increased. In such cases variable pitch airscrews are usually employed 
* to compensate for the loss to some extent. 

The low temperature and low pressure at high altitudes clearly 
affect the comfort of the pilot and other passengers. For the low 
temperature, heavy warm clothing, often electrically heated, may be 
used, and for oxygen deficiency in the lungs, oxygen is supplied from 
cylinders. But at sufficiently high altitudes, the pressure in the lungs 
becomes so low that oxygen cannot be forced in and the oxygen defi- 
ciency finally endangers life. 

At heights more than 10,000 ft. symptoms such as drowsiness, 
breathlessness, muscular weakness, etc., become pronounced, and above 
about 25.000 ft., it becomes dangerous. Apparatus for the arti ficial 
administration of oxygen is always necessary for high altitude flighti^, 
and with its aid flying upto heights of about 35,000 ft. may be safely 
undertaken. 

Besides this, discomfort or pain in the ear is often felt by the pilots 
due to changing atmospheric pressure. 

34 (II) 
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From what has been said above, it is clear that there is a limit 
to the height at which a particular aeroplane can fly, depending, of 
course, on the general design of the aeroplane and on the engine- 
power available. 

Questions 

1. What is meant by ^stream-line* Sow and *stream-lino’ body ? What is 
the importance of stream -lining all parts of an aircraft which are exposed 
to airflow. 

2. Write short notes on any three of the following : — (a) Airships ; 

(b) Aerofoil ; (c) Parachutes ; (d) Stream-line and Turbulent flow ; 

(e) Stalling. (Pat. 1944) 

3. What is meant by “Aerofoil” ? How does the aerofoil of an aeroplane 
determine the efficiency of it ? 

Explain fully how the wings of an aeroplane support it high up in the ain 
Indicate the foraps that act on the machine. (Pa^'.* 1939) 

4. Write a note on the flight of an aeroplane, indicating the part played 

by the more important portions of it. (Pat". 1942) 

5. Describe what happens when a flat plate moves through air, and 

explain why aeroplane parts are stream-line shaped. (Pat. 1939 ; Cf. ’44) 

6. Explain what is meant by *atream-lines’ flow. Describe an experiment 
to demonstrate the deformation of stream-lines by an obstacle. 

Discuss the flow of air past a flat plate moving through air with a high 
velocity, with its plane inclined at a small angle to the direction of motion. 
Show how a lifting force is produced on the plate and explain how it varies 
with the angle of incidence of the plate. (Pat. 1945)? 

7. What are cambered wings in an aeroplane ? Explain their aetion. 

Also explain with neat diagrams the actions of the tail, elevator, fin, and 
rudder. (Pat. 1988 ; *49) 

8. What is a ‘cambered wing’ ? Draw a neat diagram of a section of it 

perpendicular to its span, and indicate in it the lengths known as the ‘chord’, 
the ‘upper camber’, and the ‘lower camber’. What are the essential points that 
are kept in view in its construction ? (Pat. 1940) 

9. What are the functions of : — (a) the propeller ; (b) the wings ; and 

(c) the ailerons in an aeroplane ? Is there any limit to height to which an 

aeroplane can ascend ? Give reasons. (Pat. 1942) 

10. How do you^get the ‘lift* that supports an airplane in the air, and Avhat 
is the corresponding ‘wing-drag’ ? 

Define co-efficients of ‘lift and drag’, and prove that in horizontal flight 
<when Jift must be equal to the weight of the machine) 


F'"'V where V is the velocity of the 

dakL 

-machine, s the area of the wing, Icl the co-efiScient 'of ‘lift*, and d the density of 
air supposed uniform. (Pat. 1940) ^ 
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11. A stream-line body having a frontal area of 1 sq. ft. moves through 
air with a speed of 180 m.p.h. Galcnlate the ‘drag’ on the body assuming 
the value of ‘drag’ co-efficient to be 0*04 and that density of air 0*050 1b« 
per cu. ft. 

[Afifi : 2*44 Ib.-wt.] < 

12. Dehnc ‘Centre of Pressure’. How does the C, P. of an aerofoil move 
with the increase of the angle of attack from 0** to 20". 

13. What are the factors on which the ‘lift and drag' of an aircraft depend* 

14. Criticise the following statements : — (a) *Lift’ increases as the angle of 
attack of the wing increases ; (b) ‘lift’ is always vortical ; (c) ‘lift and drag’ are 
affected only by air-speed and angle of attack. 

45. Draw a neat sketch of an aeroplane showing its essential parts, and 
explain fully the control system in it. ^ (Pat. 1948) 

16. Draw a sketch showing the four principal forces acting on an aeroplane 
in normal horizontal flight. 

17! •What is an ‘air-screw’ ? Explain how it gives the fSrward motion to 
an aeroplane. (Pat. 1989) 

V, *18. Describe the parts of an aeroplane which ensure its stability in all 
possible modes. Illustrate,* by neat sketches, the mechanisms to control its 
motion in various directions and indicate how the pilot manipulates them in 
taking a turn. * (Pat. 1941 ; Cf. ’44) 

19. How can you distinguish the difference between stability and control. 
Name the axes about which pitching, rolling and yawing of an aircraft takes 
nlace. Which control is used to produce each motion ? 

20. At a certain speed of normal horizontal flight of an aeroplane the 
^atio of its lift to drag is 7'5 to 1. What are the values of lift, thrust, and 
^drag’ when there is no force on the tailplane ? The weight of the aeroplane 
is 3500 lbs. 

[Ann: lift = 3500-lb.-wt. ; thrust* 467 lb.- wt. ; drag = 467 Ib.-wt.] 

21. What is the true air-speed of an aeroplane at a certain height weigh- 
ing 60000 lb.s. and having a wing area of 1300 sq. ft. The ‘lift’ co-cfficient is 0*5 
And the density of air at that height is 0*056 lb. per cu. ft. 

Calculate also ‘thurst’ and ‘drag’ when the value bf Tj/D ratio is 8. 

\_Ans : Speed = 248 m.p.h. ; thrust = 7500 lb. -wt. = drag = 7500 Ib.-wt.] 
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1. Trigonometrical Ratios — Let ABC be an acute angle repre- 
sented by Q (Fig. 1). From any point Z) in AB drop a perpendicular 
■DE on BG. It can be shown geometrically that where’ ver the point D 


be taken on AB^ the ratio, DEIBD, 


i.e. 


perpen dicular 
hypotenuse ’ 


is constant and' 


A 



bears a fixed relation to the magnitude of 
the angle 9. This ratio is called the sine 
of 9- Similarly, the ratio BElBD is also 
constant and is called the cosine 'of 9. 
So, we have thn trigonometrical ratios- 
as given below ; — ‘ » 


Fig. 1 


DE 

BD 

BE 

BD 

BE 


perpen dicular 

hypotenuse 


sine 9 and is written, bId 9 ; 


base _ 

hypotenuse 


~ cosine 0 and is written, cos 0 ; 


perpendicular 

base 


tangent 9 and is written, tan 9, 


DElBD __ sin 9 
BEJBD cos 9 ’ 



2. Values of Trigonometrical 
Ratios. — The values of these ratios 
can be geometrically deduced for 
angles of 0^ 30^ 45*, 60^ and 90^ 
which are given below [see Fig. 2 (a 
and &)]. 
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The important values are tabulated below : — 


Angle 

Sine 

Cosine 

Tangent 

0“ 

0 

1 

0 

80° 

1/2 

J8l2 

l/^/8 

46“ 

l/^/2 


1 

• 60* 

j3/2 

1/2 


90° 1 

1 

i ” 1 

OC 


3. *From the above table it should be noted that, •* 


, • Sin 0® = co8 90® *0 ; sin 90*=" cos 0* = ! ; 

Sin 30® = cos 60®i“l/2 ; sin 60® — cos 30®“ n/3/2 ; 

Sin 45® = cos ^5* — 1/ \/2. 

4. The inverses of sine, cosine and tangent are cosecant, secant, 

■and cotangent respectively. That is, cosec 9= ; sec 9“ ; 

sin 9 cos 9 


tcot 9 


1 _ 
tan o' 


6. It follows geometrically from Art. 1, that, 
sin*9 + cos®0 = 1 
sec®9= 1 + tan*9 
cosec“9 *" 1 +cot®9. 

6. Signs of Trigonometrical Ratios. — According to the conven^- 
tions followed, 

{i) for all angles in the first quadrant, the signs of all ratios are 
positive ; 

(ii) for all angles in the second quadrant, only the sign of sine is 
positive and the signs of other ratios negative ; 

{in) for all angles in the third quadrant, only the sign of tan is 
positive and the signs of other ratios negative ; 

iiv) for all angles in the fourth quadrant, only the sign of ro.Q iq 

positive and the signs of other ratios negative. 
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Graph. — A graph is a representation, by means of a curve, of the 
relation between two variable quantities. 

Axes of Co-ordinates. — Every point in the graph must be plot- 
ted with reference to two fixed straight lines XOX' and YOY in the 
Y plane of the paper. These two straight 

lines are at right angles to each other, - 
which divide the plane into i ffiur 
spaces XOy, YOX\ X'OY, Y'OX. 
These spaces are denoted by the ‘ firpt, 
second, third^and fourth quadrants" 
respectively (Fig. l). 

The position of any point P in 
the plane can be located by knowing 
its perpendicular distances FN and 
PM from the two axes XOX\ YOY. 
These distances {PN and PM) are 
called the co-ordinates of the point 
P, PN being known as the ordinate, 
and PM the abscissa of the point P. 
The lines of reference XOX\ YOY 
are called the axes of co-ordinates, or 
simply the axes, the line XOX being known as the X-axis and YOY' 
as the Y-axis. The point 0 is called the origin for which the co- 
ordinates for both the axes are zero, and the point is denoted as 
(0, 0). Thus the ordinate of a point lying on the X-axis is 0, and 
the abscissa of a point on the Y-axis is also 0. 



It should be noted that in the first quadrant, both the X and 
Y- co-ordinates are positive, in the second quadrant, X-co-ordinate is 
positive but the Y-co-ordinate is negative ; in the third, both the co- 
ordinates are negative ; and in the fourth quadrant, X-co-ordinate is 
positive, but the Y-co-ordinate is negative. As a general rule it may be 
expressed thus: — Ordinates above the X-axis are taken expositive, 
and ordinates belo\^ the X-axis are taken as negative. Similarly, 
abscisssB to the right of Y-axis are taken as positive, and abscissae to 
the left of Y-axis are taken as negative. 



•GRAPHS 


535 


Thus, the position of any point A{ - 4, 3) will be in the second, and 
that of the point 5( — 3, - 4) will bj in the third quadrant. 

Choice of Axes. — In all physical problems there are two varia- 
bles, of which one is the independent and the other the dependent 
variable. For instance, in the case of a simple pendulum, we know 
that time t for one complete oscillation depends upon Z. the length of 
the pendulum. Thus, here t is the dependent and Z the independent 
variable. As a rule plot the independent variable along the X-axis, 
and the dependent variable along the Y-axis. 

• Choice of Units. — To choose the unit for the ordinate or the 
abscissa, find the difference between the highest and the lowest values 
of it (given in tlie problem), and divide this by the number of available 
divisions of the grapli paper along the same side. Thus get the 
ai^ircsdmate value of each division and then choose the next best 
possible value. Since in the graph paper the tenth or** the fifth lines 
ase generally drawn thicker, attempt should always be made to choose 
the units in such a manner that the larger divisions are multiples or 
subniultiplcs of 5. If each division represents values, which are 
divisible by K), such as 10, 100, 1000, or 'J, '01, *001, the ploting of 
points will be easier. Beginning from the origin write down the values 
along the X-axis and the Y-axis every 5 or 10 divisions apart. 

Rules. — In drawing a graph for any physical experimental data 
the following rules may generally be observed — 

(1) Obtain data for at least 6 points in the graph and tabulate 
the values for the X-axis {independent variable) and Y-axis {dependent 
variable). 

(2) If there are both positive and negative signs in tha given 
data, then the origin, i.e. the point of intersection of the two axes, 
should be in the middle of the graph paper, but, if the signs are all 
positive, the origin can be shifted to the extreme lowest position on 
the left of the paper in order to have a graph of larger size. 

(3) Choose the units explained before, and plot the points mark- 
ing their positions in the diagram by or 0 sign. 

Different suitable scales may generally be chosen for the two axes, 
but in some cases, as when area is to be calculated from the graph, 
equal scales will be convenient. 

(4) The point of intersection of the two axes need not always be 
the zero of each axis. 

(5) From the positions of the points, judge the nature of the 
graph and draw a smooth curve by joining the plotted points. 
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(6) The curve should necessarily pass through all the points, but 
keeping the nature of the graph intact, it should pass through as many 
points as possible. The point (or points) which does not lie on the 
curve is probably an error in the corresponding observation. 

(7) The units should be so chosen that the curve may cover as 
much of the graph paper as possible. 


Examples 


1. The following readings were obtained with a simple pendulum : • 


Length in cm. 

20 

! 

30 

1 

1 55 

70 

' 1 

80 ! 

95 

102 

115 


Time of 
oscillation in 
seconds 

} 

! '46 

■55 

*65 

1 

-74 

*835 

*94 

*98 

1*01 

1*07 

.1-14 


Represent by a graph the relation between the length and time and find from your 
graph the time of oscillation, of a simple pendulum of lengtl^ 50 cms. {C.U.1915) 


Here we find that the time of oscillation depends upon the length of the 
pendulum, so time is the dependent variable and should be plotted along the 

Y axis, and the length, which is 
the independent variable, should 
be plotted along the X-axis. 

The difference between the 
highest value (]'14) and the 
lowest value (0’45) of time is 0*69, 
and the number of available divi- 
sions on the graph paper is 40. 
Therefore the approximate value 
of each division on the X-axis 
should be at least 

Take each small division on 
the X-axis to represent 0’0020, 
which is the next best possible 
value. 

Take one small division to 
represent 4 cms. on the X-axis. 



Length in cm, 
l^ig. 2 


Since the length begins from 20, and the time from 0*45, it is necessary to 
start from the origin as zero. • 


Write down the values of the ordinates every 5 divisions apart and begin 
0*45 as the zero value of^the ordinates, and similarly take 20 cms. as the zero 
value of the abscissee. 


Now plot the points and draw the graph (see Fig. 3). 
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To get the time of oscillation of the pendulum of length 50 cms., draw a 
straight (dotted) line through the point marked 50 cms. on the ^-axis parallel 
to the Y-axis cutting the curve at a point, the ordinate oif which has the 
value 071, which is the required time. 


2. From the following d'lta plot a curve shotving the variation in the volume of a 
mass of water with the temperature. Find graphically the two temperatures, at which 
the volume of 1 cc. of water at becomes 0‘99990 c.c. (0 U- 1909) 


Temp. 


Volume 

Temp. 

Volume 

0 


1000000 

7 

0*999962 

1 


0*999948 

8 

1*000008 

■ 2 


0*999911 

9 

1*000068 

3 


0*999889 

10 

1*000147 

4 


0*999883 

11 

1*000287 

5 


0*990891 

12 

1*000844 

. 6 


0*990914 

13 

1*000462 


Here we find that on changing the temperature the volume is changed, so 
yfemperature is the Independent variable and should be plotted alopg the 


the X-axis, and volume, wWch is 
the dependent variable, should be 
plotted along tne Y-axis. 

The difference between the 
highest value (1 ’000462) and the 
lowest value (0'999883) of volume 
is 0’000579. The number of avail- 

t ble divisions on the Y-axis is 40- 
'herefore, the approximate value of 
each division of the Y-axis should 

be at least— = 0 000144. 

40 

Take each small division to 
represent 0‘000020, which is the 
next best possible value. Take 2'5 
small divisions to represent l"G. 
on the X-axis. 



Temperature in Centigrade 
Fig. 3 


Write down the values of the ordinate every 5 divisions apart taking 
0*999800 as the zero reading, and also write the values of temperatures on 
the X-axis. 

Plot the points and draw the graph (Fig. 3). To get the value of the 
temperature corresponding to 0*99990 c.c., draw a straight line through the 
point (0‘99990) parallel to the X-axis cutting the curve at two points, the 
I -abscissa of the first point being 2*41 and that of the second point being 5*8 


Current in Amperes 
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nearly. Therefore the required temperatures are 2®"41 and 5®‘8. Here the 
unknown result is determined by what is known as "Interpolation.” 

3. The battery resistance ‘b’ ohfYis for a current ‘c* anvpere was found in a 
certain test as follows : — • 


h 

1 

42 

4*8 

5*0 

5*8. ! 7-6 

8-5 

110 

c 

! 0'2l 

1 

' 0*16 

014 

1 1 

014 | 0'066 ! 

1 i 

006 

1 1 

0’04 


Illustrate the results graphically. Are they consistent with Ohm's Laio ? 

(Pat. 1920) 

Plot ‘6’ along the A"-axis and ‘r’ along the Y-axis (Fig. 4). 

XTnits — 1 sniall division on the X-axis represents 2 ohms. * 

1 small division on the Y-axis represents 0*005 amp. * 

According to Ohm’s Law the product of current strength and the corres* 
ponding resistance should be constant, which is not the ca^e here. Hence 
the results are not consistent with Ohm’s Law. * ' 

4 A copper rod is found to he 5' 009^ 5’ 0018 ^ 5' 0027 metres long at tempera- 
tures 20° C.^ 30°C. respectively. Find by means of a graph its length at 0°G. 

Units — each small division on the X-axis represents (C.V.lOJ'i} 

„ „ Y-axis „ O'OOOOO inetref 



Resistance in Ohms 
Fig. 4 



Temperature in Centigrade. 
Fig. 6 
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Here some space is left below the point 5 '0009 on the F-axis in order to - 
allow the curve (Fig. 5) to cut the Y-axis below this point, if necessary. 


The graph obtained is a straight line which being produced meets the 
Y-axis at a point, the value of which is 5 metres from the graph. Thus the* 
required length at O^C, is 5 metres. 


This method of determining the 
unknown result by producing the curve 

is known as “extrapolation". 

5. Draw a curve on the squared paper 
supplied to indicate the height above ground, 
at intervals of half a second, of a hodg 
falling freely from rest at a height of 150 ft^ 

Find from yaur graph the position of 
a particle after l'(i7 seconds, (O. 77. 1012) 

space traversed by a body fall- 
ing from rest=4^/^*, and hence the 
height ’ above the ground at any time 
•-=(150~i^7*)ft. ^ 

Taking {/ = 32 ft. per see., the distance 
fallen througlf, And so height above the 



ground at intervals of half a second, is 
calculated and the following table is 
prepared. 


Time in sec. 
Fig. 6. 


1 Time in seconds 

' 0 

! 0'5 


1'5 

' 2 

2-5 

a 

Height fallen, in feet 

r 

i 0 

4 

16 

36 

64 

100 

i ^ _i 

144 

Height above ground in feet 

150 

1 

146 

134 

114 

i 

. 86 

> 50 

I 

6 


Units . — 1 small division on the X-axis represents 0*1 sec. 

1 small division on the Y-axis represents 4 ft. 

The position of the body at the end of 1*67 sec., obtained from the graph. 
(Fig. 6), is nearly 103 ft. above the ground. 
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(1) UNITS 


Quantity 

F.P.S Unit 

C. G. S. Unit 

Length 

foot 

centimetre 

Mass 

pound 

gram 

Force 

poundal 

dyne 

Work 

foot-poundal 

eig 

Power 

horse-power 

ergs per second* 


A force equal to the weight of 1 pound = 32’2 poundals. A force equal to 
'the weight of 1 gram = 981 dynes. 


(2) METRIC EQUIVALENTS 

LENGTH 


1 cm. 0'3937 inch*"0'032 ft 
1 metre 39 37 inches 
= 2‘28fect 
■=1 '09 yards 

1 kilometre = 39370*790 in. = 3280*899 ft. 

AREA 


1 inch“2'54 cms. 

1 foot -=0*305 metre 
1 yard = 0*914 metre 
1093*633 yd. « 0*621 mile. 


1 sq. inch = 6*45 sq. cm 
1 sq. foot— 0*093 sq. metre 
1 sq. yard = 0*836 sq. metre 
1 sq. mile ■■2*590 sq. kilos 


1 sq. cm. 

1 sq. metre 
1 sq. metre 
1 sq. kilo. 


= 0*165 sq. in. 

= 10-764 sq. ft. 

— 1*196 sq. yds. 
= 0*386 sq. mile. 


1 cub. in. * 16*387 c.c. 

1 cub. in. = 0*061 litre. 

1 gallon — 4*546 litres 

1 gallon -0*1604 cub. ft. 


VOLUME 

1 c.c. =0*061 cub. in. 

1 litre —61*02 cub. ins 

fl litre =1*76 pints. 

11 litre —0*22 gallon. 

10 pounds of water at 62^ F. 
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MASS 

1 grain (gr.) = 0‘065 gram (gm.) ... 1 gram— 15*482 grains. 

1 ounce (oz.) = 28*85 grams. ... 1 m. gram. = 0*015 grain. 

1 pound (lb.) = (16 oz. 7000 grains) — 453'6 grams. (1 gram. — 0*0022 lb.) 

1 pound —0*453 kilogram ... 1 kilogram — 2*205 pounds = 0*0009 tom 

FORCE 

1 gram weight = 981 dynes. 

1 pound weight — 4*45 X 10® dynes— 32 2 poundals. 

1 poundal — 1 lb. wt. + ^— 13,825 dynes. 

(3) MENSURATION 

)r=3*14159; ir2=9*87; log ir = 0*4972 ; log ir“ =0*9943 

Radius of a circle = r Circumference of circle — 2irr. 

^/2 = r4142 ; J3- 1*7321. 

AREA 

Square (side 1) — Z® 

Rectangle (breadth h) = ly.b 
Parallelogram — base ^ perpendicular height. 

Triangle—^ b^se x perpendicular height. 

Circle — irr* 

^rface of cube (side 1) — 6Z* 

Surface qJt sphere (radius r) — 4irr‘^ 

Curved surface of cylinder (radius r, height 7^) — 2jrrx h. 

VOLUME 

Cube = 

Cylinder — area of base x perpendicular height. 

Cone “4 (area of base x perpendicular height). 

Prism — area of base x perpendicular height 
Spncre = = f circumscribing cylinder. 

(4) USEFUL DATA 

The weight of 1 cu. ft. of water = 62*5 lbs. approximately. 

„ „ „ air at 0®C. and 1 atmosphere — 0 0807 pound. 

The weight of 1 cu. ft. of hydrogen at O'^C. and 1 atmosphere — 0'0056- 
pound. 

1 foot pound — 1*356 x 10*' ergs. 

1 horse-power hour — 33,000 X 60 foot-pounds. 

Volts X amperes = watts. 

( 1 standard atmosphere = 760 millimetres or 30 inches of mercury ; 

< - 1088 grms.-wt. per sq. cm. — U033 x 981) = 1 013.K 10® dynes per. sq, cin- 
y — i4'7 pounds per sq. inch. — 2116 pounds per sq. foot. 

Height of standard water barometer— 760 x 18*596 mm. — 29*92 x 13*590. 
inches. 

A column of water of height 2*3 feet corresponds to a pressure of 1 lb. per- 
sq. inch. 

Velocity of light - 186,826 miles per sec. ; 3 x lO'^® cms. per sec. 



Si2 


INTBBMEDIATE PHTSIOB 


(5) DENSITY OR MASS PER' UNIT VOLUME 
(IN GRAMS PER C. C.) 

METALS 


Aluminium 


2*7 

Antimony 

... 

6*7 

Gold 

... 

19‘3 

Iron (cast) 

. . . 

7*2 

„ (wrought) 

. . . 

7-8 

„ (steel) 

... 

7'7— 7-9 

Lead 

... 

11-37 


Bismuth 

0 ••• 

9-8 

Copper 


8*9 

Nicke] 

... 

8*9 

Platinum 

... 

21*5 

Silver 

... 

10’5 

Tin 

... 

7*3 

Zinc 

... 

7*1 

Quartz 

... 

2-65 


Brass 


ALLOYS 

8*4 — 8’7 Bronze 


8*7 

Alcohol 


LIQUIDS 

0'79 Paraffin 


0*7U— 0*82 

Aniline 


102 

Olive oil * 

... 

0*91— 0*93 

Benzene 


089 

Turpentine 

... 

C*87 

Ether 

. . . 

0’72 

Petrol 


0*68—0*78 

Glycerine 

... 

1*26 

J Petroleum 

... 

0*878 

Kerosine 

... 

0*8 

Water (4®C.) 


1*00 

Milk 


1*03 

(25“C.) 

... 

0*99708 

Mercury (0®C.) 


13*596 

Sea water 


1*026 

Oil Linseed 

... 

0*94 

Methylated spirit 

... 

0*83 

Cork 


COMMON SUBSTANCES 

0*22— 0’25 Paraffin 


0*9 

Ice 


0*92 

Porcelain 

... 

2*3 

India-rubber 

. . . 

0*9—13 

Quartz 


2*6 

Chalk 

. . . 

1*9— 2*8 

Salt (common) 


2*2 

Glass (crown) 

... 

2*4— 2*6 

Sand 

... 

2*6 

Glass (flint) 

... 

2-9— 4*6 

Slate 

... 

2-3 

Marble 

... 

2*7 

Sugar 


r6 

Ivory 

... 

1*8 

Wood (teak) 


0*7— 0*8 

Guttapercha 

... 

0*97 

-Wax (bees) 

... 

0’96 

Bees wax 


(6) MELTING POINTS 

63*0. Tin 


232^0. 

White wax 


68®C. 

Tungsten 

... 

3400^*0. 

Butter 


28°— 33®0. 

Paraffin 

... 

46*— 66*0. 

Ice 


0®C. 

Sugar 


160®C. 

Copper 


1083'’C. 

Sulphur 

... 

115®C. 

Iron 

• • B 

1627®0. 

Mercury 


— 89®C. 

Platinum 

... 

1778®C. 

Glass 


IIOO^C. 

Lead 

... 

327®a 

Naphthalene 

... 

80®C. 
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(7) 'boiling points 


Alcohol 

78°C. Ether 

86*C. 

Aniline 

182®C. Glycerine 

290*C. 

Chloroform 

61®0. Mercury 

367®C. 

Water 

... 100*C. Turpentine 

168®C.' 


(8) CO EFFICIENT OF EXPANSION 
Co-etticients of Linear Expansion of Solids 


Aluminium 

0*000022 Iron 

0*0000114 

ISrass 

... 0*000019 Lead 

0000029 

Copper 

0*000017 Platinum 

0*000009 

German-Silver ... 0*000018 Silver 

0*000019 

Glass 

0*0000083 Tin 

0*0000214 


Co-eftieients of Cubical Expansion of Liquids 


Alcohol (ethyl) ... 0*00122 Olive oil 

0*0007 

Aniliric^ 

0*00085 Sulphuric Acid ^.. 

0*0096 

Glycerine 

... 0*00063 Turpentine 

0*00094 

IVfdrcury 

0’00018 Water (10° -30®) 

0*000203 


Co-efficientftof Cubical Expansion of Gases 


The co-efiT#iciit of increase of volume of all ^ases at constant pressure and 
the co-eiricienf ofVeroase of pressure of all gases at constant volume may be 


taken to be 

= = 0*003665. 




(9) SPECIFIC HEATS OF SOLIDS 


•Aluminium 

0*21 

Iron 

0*11 

Brass 

0*09 

Lead 

0*03 

Charcoal 

0*19 

Marble 

0*22 

Copper 

0 095 

Sand 

0*19 

Glass 

0*16—0*19 

Silver 

0*056 

Gold 

0*03 

Tin 

0055 

Bismuth 

0*03 

Zinc 

0*083 

India-rubber 

0*48 

I’araflin 

0*64 

Ice (0°C.) 

0*50 

Sulphur 

0*168 

Common salt 

0*20 

Nickel 

0*11 


Specific Heats of Liquids 


Alcohol 

0*62 

Mustard oil 

0*50 

Aniline 

0*50 

Mercury 

0*083 

Glycerine 

0*68 

Turpentine 

0*43 

Paraffin oil 

0*63 

Water 

1*00 


Speeitlc Heats of Oases (at Const, press.) 


Air 

0*237 

Oxygen 

0^17 

Steam 

.... . 0*465 

Hydrogen 

0*41 



644 INTERMEDIATE JPHT3ICS 



(10) LATENT HEATS OF FUSION (Calories) 


Water 

... 80'0 Mercury 

28 

Sulphur 

... 9'4 Lead 

5*4 

..Silver 

... 21*0 Bismuth ^ 

12*6 


(11) MAXIMUM PRESSURE OF WATER VAPOUR 
(In Millimetres of Mercury) 


Temperature 

Pressure 

Temperature 

1 Pressure 

(Centigrade) 

(ram.) 

(Centigrade) 

! iinra). 

-10” 

2*1 

i 

40 

55*13 

0 

4*57 

50 

92*30 

2 

5*29 

60 

140-2 

5 

6*54 

70 

233*5 

8 

804 

^ 80 

854' 1 

10 

9*20 

90 

i 625*8^ 

12 

10-61 

95 

634*35 

15 

12’78 

100 

[760 0 

1*1 atoms. 

18 

15*46 

! 

/ 3669*0 

20 

17*51 

150 

^ *4*7 atoms. 

25 

28-69 

200 

j 11647 

30 

31 71 


^ = 15*4 atoms. 


(12) THERMAL CONDUCTIVITIES (in C. 0. S. units) 


Air 

... 

000006 

India-rubber 


0*0004 

Aluminium 

... 

0*48 

Lead 


0*080 

Brass 

... 

026 

Mercury 


0*0148 

Copper 

... 

0*22 

Silver 


0*98 

Glass 

... 

0*0006 

Water (0*0.) 


0*0012 

Iron 

... 

0*16 to 0*18 

„ (80"C.) 


0*001 
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(13) VELOCITIES OF SOUND AT 0”C. 


Substances 

Feet per sec. 

Metres per sec. 

' ■ 

Air 

1090 

882 

Oxygen 

1041 

817 

Hydrogen 

4163 

1270 

Carbon dioxide 

856 

262 

Coal gas 

1609 

493 

Iron 

! 16820 

5130 

Glass 

16410 

5000 

Brass 

11480 

8500 

Water 

4714 

1437 

Marble 

12500 

1 

8810 


(14) REFRACTIVE INDICES 


Alcohol (Ethyl) 
Diamond 

Crown glass # «... 

Flint glass f 

Ether M 

Carbon disii^hide ... 
Paraffin 

Quartz 

1’37 Glycerine 

• 2-47 Ice 

1‘58 Water 

1’62 Turpentine 

x' 1'36 Bock* salt 

1'68 Canada balsam 

1’44 Benzene 

1'65 Aniline 

1-47 

1*81 

1'38 

1*47 

V55 

1-68 

V50 

1'58 


(15) CRITICAL ANGLES 


Crown glass 

Diamond 

Bock-salt 

41®'45 C. Turpentine 

24®'25 C. Water 

40‘*'30 0. 

48*15 C. 
48®'6 0. 

(16) 

ELECTRO MAGNETIC WAVES 



Kind of waves 

Wave-length in cm. 

Detector 

Electro-magnetic 
waves (used in 

2‘6 X 10® to 5 X 10* 

Radio set 

Radio) 



Do (in Television) 

10 X 10* to 5 X 10® 


Short E. M. waves 

40 to 0'04 

i 

- ji 


36 (II) 
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Kiod of waves 

1 

Wave-length in cm. 

Detector 

Infra-red waves 

0‘04to8Xl0'* 

H&ting effect 

Visible light „ 

! 8X10-* to4xl0-® 

Eye 

Ultra-violet „ 

i 4x 10'® to l'4x 10'® 

j Chemical action 

X-rays 

! Ixl0-«to6xl0'^° ) 

j r 

Phosphorescence 

Qamnia Bays 

1 l-4x 10-«to 1x10-1®^ 

1 ' 

Ionisation 



(17) 

E. M. F. OF CELLS 


Bichromate 

... 2 

volts. Leclanche^ 

1’46 

Bunsen 

... 1*94 

„ Clark at 0**C. 

1“4491 

Daniell 

... 1*09 

„ ht 15®C. 

1‘433 

Grove 

... 1*92 

„ Cadmium at 15^C.... 

1‘0184 


(18) SPECIFIC RESISTANCES 


Substances 

V- 

Specific resistancK in 

Ohm 8- cm, at 

Copper 

1-77 X 10- » 

Iron i 

9'8 

Mercury 

9*41 „ 

Silver 

i 1-6 

Tunsgten 

1 5*6 „ 

Platinum 

9—14 „ 

German Silver j 

20—23 „ 


(19) Electrical Units 


Quantity 

Practical Unit 

Value in C.G.S. 
Units 

Besistaoce 

ohm 

10® 

Current 

ampere 

10-1 

E. M. F. 1 

i volt 

10* 
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Quantity 

Practical Unit 

Value in C.G.S. 
Units 

Quantity 

coulomb 

10-1 

Inductance 

henry 

10» 



farad 

10“ » 

Capacity j 

i 

( 


microfarad 

10-1® j 


(20) Hydrogen Atom and Electron 


Mass*of a Hydrogen atom 
No. of molecules in 1 c.c. of 
Hydsogdnat N.T.P. 

Mass of electron 


1*662 xl0-*4gm. 
2*705X10^® 
9x10““® gm. 

mass of hyd r ogen ^om 
1840 


Charge on electron = 4*77 x 10"^*^ K,S. unit. 

(21) CONVERSION TABLE 


% 

To reduce 

Multiply by 

! 

To reduce 

Multiply by 

Inch to centimetre 

2*66 

Cu, ft. of water to lbs. 

62*4 

Sq. in. to sq. cm. 

6*46 

Miles per hr. to ft. per 


Cu. in. to cu. cm. 

16-39 

min. 

88 

Grams to grains 

15-4 

lbs. per sq. in. to 


Pounds to grams 

453*6 

atmospheres 

0*07 

Ounces to grams 

28*35 

Grams per sq. cm. to 


Grains to grams 

0*065 

lbs. per sq. in. 

0*014 

Gallons of water to lbs. 

10 

Atmospheres to lbs. per 


Cu. ft. to gallons 

6*24 

sq. in. 

14*7 

Cu. ft. to litres 

28*3 

lbs, deg. F to ft. lbs. 

772 

lbs. of water to litres 

0*454 

1 

H. P. to watts. 

H.P. to ft. lbs. per min. 

746 

38000 


Definitiona of Units 


AMPERE — The practical unit of electric current. It is a current which 
^ when passed through a solution of nitrate of silver in water, deposits silver 
at the rate of 0*001118 gm. per second. 
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The ampere ""one coulomb per sec.*" 10"^ .M.U. = 8 x 10® E.S.U. 

Amperes = Volts/Ohms = Watts/Volts “ (watts/ohms) 

Amperes x volts amperes® x ohms » watts. p 

ANGSTROM — Unit of wave-length —10“^ metre or 10“** cm. 

ATMOSPHERE — Unit of pressure. 

Normal pressure *= 14*7 pounds per sq. inch — 760 mm. (or 30 in.) of 
Hg. at 0®C. 

BRITISH THERMAL UNIT (B. Th. U.)— The amount of heat required 
to raise the temperature of one pound of water through l^F. 

CALORIE (or, THERM) — The amount of heat required to raise the tem- 
perature of one gram of water at 4®0. by l^C. 

COULOMB — Unit of quantity. It is the quantity of electricity transmitted 
per second past any point in a conductor traversed by a current of one ampere. 
1 Coulomb - 10 ^ E.M.U.-3xlO« E. S. U. 

Coulombs = amperes x seconds. 

DAY — Mean solar day — 1440 minutes — 86400 seconds — 1‘0027379 
sidereal day. 

DIOPTRE — Unit of ‘power’ of a lens. The number o^ di V ptres - the re- 
ciprocal of the focal length in metres. I 

DYNE — e.G.S. (or, absolute) unit of force. It* is the force^which acting 
on a mass of 1 gram gives to it an accleration of 1 cm. per. sec. per sec. 

The wt. of 1 gram — (1 x 981) dynes. 

ELECTRO CHEMICAL EQUIVALENT (E. C. E.)--It is the weight L’. 
grams deposited in an electrode by one coulomb of electricity. 

ERG— C. G. S. (or, absolute) unit of work or energy - 1 dyne acting 
through 1 cm. 

FARAD — Practical unit of electric capacity. It is the capacity of a con- 
denser when one coulomb of electricity will raise its potential by one volt 
-10-® E. M. U. = 9x lO'i E. S. U. 

The MICRO-FARAD (or, one millionth part of a Farad) is more commonly 
used as a unit of capacity — 10”*-* E. M. U. 

FOOT-POUND — The work done in raising a mass of one pound through a 
vertical distance of one foot. 

FOOT-POUNDAL — The British (F. P. S.) unit of work 

— foot-pound/gr. (47 — the accleration due to gravity). 

GRAM-CENTIMETRE — The gravitational unit of work— p ergs. 

HEAT — Absolute zero temperature— — 278*C,-491®'4F= -218®’4 R. 

HEFNER-UNIT — Photometric standard used in Germany. 

HORSE-POWER — The British Unit of power— 83,000 ft.-lbs. per minute 
— 65D ft.-lb3. per second - 740 watts. 
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JOULE — C. G. S. practical unit of work * lO"^ ergs. 

JOULE^S (or MECHANICAL) EQUIVALENT— The mechanical equi- 
valent of hGat*4‘2 X 10"^ ergs per calorie ■b4‘2 Joules per calorie. 

KILODYNE — 1000 dynes (About one gram). 

MEGADYNE — One million dynes (About one kilogram). 

MICRO — A prefix indicating the millionth (10‘®) part. 

MILLI — A prefix denoting the thousandth (10’®) part. 

OHM — Unit of electric resistance. The international Ohm is the resis- 
tance offered by a column of mercury 106*8 cm. long of uniform cross-section, 
at 0®C., and weighing 14*452 gm. ■■ 10® E. M. U. 

PENTANE CANDLE — Photometric standard used in England. 

POUND AL — The British (F.P.S.) unit of force. It is the force which 
acting on a mass of one pound imparts to it an acceleration of 1 ft. per 
sec. ^er sec. 

The wt. of 1 pound "/y poundals. 

RADIAN - 1807 *- = 57-29678®. 

VOLT — The practico# unit of potential difference. The International Volt 
is defined ba the electro- motive force which, when applied to a conductor 
having a rwststnce of one international ohm, will produce a current of one 
internatioiml ampere — JO® E.M.U.— 1/800 E. S. U. 

Wat^^Unit of electric power. 

Watts — volts X amperes = (ampere) * x ohms. 

1 watt— 10^ ergs per sec.- 1 joule per sec. 




' INDEX 

The numbers refer to pages 


Aberration, spherical, 108 ; chro- 
matic, 166 

A. C. supply, advantage of, 480 
Aclinic line, 256 
Accumulator, 440 
Actinic rays, 158 
Action of points, 327, 

Aerial, 494 
Alpha rays, 492 
Alumetcr 408 

Ampere, 349 ; rule, 344 ; law, 348 ; 

turns, 352 
Anions, 430 

Astatj^ galvanometer, 361 
Attraction and re))iilsion of cur- 
rents, 356 

Available volts, 380 

Back c. m. f., 336 

Barlow's wl|bel^855 

Bell, elecbA, 469 ; calling, 469 

Beta rays, A2 

Bichromt^ cell, 337 

BioVs expt., 274 

Broad -side -on position, 223 

Bunsen, cell, 339 ; photometer, 15 

Caloresccnce, 174 

Camera, pin-hole, 8 ; photogra- 
phic, 138 

Candle, standard, 10 ; power, 9 
Capacity, electrical, 301 
Carrier waves, 494 
Cells, in series. 390 ; in parallel, 
391 ; grouping of 390 ; primary, 
341 ; secondary, 341, 440 ; dry, 
339 ; polarisation of, 336 ; vol- 
taic, 334 ; standard, 340 
Chromosphere, 161 
Cinematography, 148 
Cinema tricks, 149 
Collimator, 162 

Colours, of bodies, 167 ; of powders, 
169 ; primary and complemen- 
tary, 169 ; of paints or pigments, 
169 ; of sky, 170 ; of sun set, 170 


Comparison of, static and 

current electricity, 876 • 

Commutator, PohVs, 402 
Compass, needle, 206 ; ships, 266 
Concave, lens, 96 ; mirror, 89 
Condensers, 804 ; capacity of, 318 ; 

grouping of, 316 
Consequent pole, 193 
Controlling force, 360 ; Couple, 370 
Convex lens 96 ; mirror, 39 
Coolidge. tube, 489 
Cork-screw rule, MaxwelVs, 346 
Corpuscular theory, 182 
Coulomb, 374 

Current, extra, ^56 ; primary and 
secondary, 458 ; strength, 874 ; 
oscillatory, 494 

Danivll, cell, 338, 

Dangers from electricity, 480 
Dark space, CrdoJce's, 486 ; 

Faraday's, 485 
Declination, magnetic, 246 
Defects of vision, 144 
Deflecting force, 362 ; couple, 870 
Dielectric, 306 
Dioptre, 114 

Dip, magnetic, 246 ; circle, 260 
Discharge, 310 
Dispersive power, 164 
Dispersion of light, 163 
Dynamo, 474 

Earth, as a magnet, 190 ; directive 
couple of, 247 ; inductor, 476 • 
Eclipses. 6 

Electric, bell, 469 ; circuit, 341 ; 
current, 331, 834 ; field, 277 ; 
machines, 822 ; motor, 477 ; 
power, 422 ; potential, 277, 832 

Electro-chemical equivalent, 436 

Electrodes, 430 

Electron, 263 ; theory, 263 

Electrolysis, laws of, 434 ; uses 
of, 444 \ 

Electro-ma^et, 362 
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Electro magnetic, induction, 448 , 
wave theory, 182 

Eolectro motive force, 384 , 
back, 836 
Electrophorus, 822 
filectro plating, 443 
Electroscope, condensing, 312 , 
gold leaf, 261 , pith ball, 260 
Emission theory of light, 182 
End on position, 222 
Epi diascope, 138 
E M F and P D , 380 
Equator, magnetic, 256 
Equipotential surface, 292 
Equivalent, chemical, 438 
Ewing’s theory, 201 
Extra current, 465 
Eye, human, 141 , the advantage 
of two eyes, 148 

Farad, 302 

Faraday's ice ptiil expts 272 
laws of electrolysis, 434 
Faraday dark space, 485 
Fatigue, retinal, 170 
Field of view, 126 
Fle9mng's, left hand lule, 354 , 
right hand rule, 454 
Floating battery , la Ihve s, 351 
Fluorescein e, 173 
Flux, magnetic, 456, 458 
Fraunhofer lines, 161 

Galilean telescope, 133 
Galvanometer, the astatic, 360, the 
sine, 366 , the tangent, 362 
the moving coil, 369 , cons 
^ tant, 364 
Gausb, 215 

Heliograph and heliostat, 149 
Hypermetropia, 144 
Ice pail expt , Faraday s, 272 
Identification of mirrors, 67 , lenses 
106 

Illuminating power, 9 
Image, real and virtual, 26 
-an or dip, 246 
nirrors, 31 
prrent, 448 f 


Induclion coil, 456 

Kathode, 430 , rays, 486 
Keepers, 198 
Kilowatt hour, 423 

Lamp and scale arvangement, 368 
Lamp, arc, 466 , electric, 462 
Laws of, magnetic force, 214 
electric force, 279 , electrolysis 
434 , refiection, 24 , refrac 
tion, 62 

Least distance of distinct vision, 
144 

Leclanche cell, 337 
Lenses, 95 , achromatic, 166 
Len7 s Law, 463 
Leyden jar, 309 
Lightning conductor, 329 
Lines of force, magnetic, 204® elec 
trie, 377 

Lmcb of Induction, 210 
Local actvon, 335 
Long sight, 144 
Lost volts, 380 
Lumen, 11 

Magnifying power, 125 A 
Magnet, artificial, 188 j^bar, 188,. 
hoise shoe, 189 

Magnetic, axis, 190 , elements, 246 ; 
lines of force, 204 , field, 204 , 
fiu\, 468 , intensity, 215 ^ 
length, 190 , meridian, 190 , 
maps 253 , moment, 219 ^ 
poles, 189 , substances, 193 , 
saturation, 193 

Magnetometer, 229 , Searle s, 232 , 
Manner s compass, 256 
Metre budge, 405 
Microscopes, compound, 126 
simple, 124 
Mirage, 80 

Mirror, rotation of, 29 , cylindrical 
57 , parabolic, 56 

Moment, comparison of magnetic,. 

233 , of inertia, 232 
Motor, electric, 477 
Multiple images by a thick mirror,. 
34 
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Myopia, 146 
Mfoutral point, 206 
Noutron, 264 
Newton’s disc, 167 
Nucieus, 268 

Oersted's expt., 344 

Ohm's Law, 379 

Opera glasses, 184 

Optica], centre, 96 ; lantern, 137 

Paramagnetic and diamagnetic, 211 
Peltier effect, 425 
Ppnumbra and umbra, 5 
Permeability, 210 
Periscope, 33, 76 
Persistence of vision, 148 
.PhoRphorcscence, 173 
Pfiot^electric cell, 387 
Photometres, 13 
Photosphere, 161 
Pole-finding paper, 377 
Poles, equality of, 218 
Positive, colfmrk, 485 ; rays, 488 
Positron, As 
P. 0. Box,/06 

Potential ^lectric, 277, 332 ; diffe- 
rence of, 287, 332 ; magnetic, 216 ; 
diagram, 293 ; of the earth, 280 
Potentiometer, 383 
Power, of a lens, 114 ; electric, 422 
Presbyopia, 146 

Principal, axis, 97 ; focus, 40, 98 
Prism. 82 ; angle of, 82 ; erecting, 
76 ; angle of minimum devia- 
tion of a, 84 ; limiting angle of 
a, 90 

Proof-plane, 267 
Proton, 264 

Radiation, electric, 498 
Radio-activity, 492 
Bays, cosmic, 493 ; Gamma, 492 ; 
violet, 161 

Be- combination of colours, 166 
Reduction factor, 364 
Reflection, laws of, 24 
Refraction, laws of, 62 ; effects of, 
71 ; cause of, 65 ; cases of, 72 
Refracted ray, deviation of a, 67 


Refractive index, 68 
Resistance (electric) and tempera- 
ture, 886 

Resistance, 878 ; internal of GellSk . 

889 ; in series and parallel, 880' 
Retina, 142 
Retinal fatigue, 170 
Reversibility of light, 26 
Rheostat, 403 
Roget's vibrating spiral, 857 
Romer^ velocity of light, 177 
Ruhmkorff’s Coil, 456 
Rum ford's photometer, 14 

Screen, electric, 298 ; magnetic, 212 

Search light. 56 

Secondary Cells, 841, 440 

Seebeck effect, 424 

Self-induction, 454 

Sextant, 30 

Shell, magnetic, 208 

Short sight, 146 

Shunts, 896 

Sine galvanometer, 366 

Snell's law, 68 

Solenoid, 351 ; field inside a, 351 
Spark, energy of, 824 
Spectroscope, direct vision, 166 
Spectrum, pure, impure, 154 ; 
virtual, 156 ; diff. kinds of, 
158 ; analysis of, 164 
Spherical aberration, 47 
Stereoscope, 136 

Strain, electric and magnetic, 497' 
Striations, 485 
Structure of atoms, 264 
Susceptibility, 210 * • 

Suspended Coil galvanometer, 369 
Talkie, 605 

Tangent galvanometer, 362 ; law, 
363 ; sensitiveness of, 865 

Telegraph, 469 
Telephone, 471 

Telescope, astronomical, 129 
Galelio's, 188 ; reflecting, 184 ; 
terrestrial, 182 
Television, ^05 
Terrestrial magnetism, 245 
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Theories of, light, 182 ; electricity, 
262 ; magnetism, 200 
Thermocouple, 424 
Thermopile, 426 
Thomson effect, 426 
Total internal reflection, 74 
Tram Oar, 478 
Transformer, 460 

Transmission of electric, power, 
479 ; wave, 490 
Tubes of force, electric, 278 
Twilight, 35 
Ultra-violet, 161 
Umbra, 5 

Unit of Current, 349 


Valve, triode, 503 

Virtual, image, 26 ; spectrum, 156 

Voltameter, 430 

Voltage drop, 381 

Voltmeter, 409 

Watt, the, 422^ 

Weber theory, 200 
Welding, electric, 467 
WJiealatone bridge 404 
Wimahurst machine, 324 
Wiring, house, 467 
Wireless, 494 

X-rays, 488 

Zero, potential of the earth, 286 










